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Chapter 1
General introduction
1.1 The importance of metabolism
Gaining true and deep understanding of cellular life, its functions and the underlying
chemical reaction-diﬀusion principles is one of the predominant challenges of today's
science. The complex reaction networks in a cell are inﬂuenced by intracellular organi-
zation, compartmentalization and crowding, as well as the cell's size and shape (Ayer
et al., 2013). In order to understand these interactions, combined research in the areas
of genetics, cell biology and biochemistry has made tremendous progress in the last
50 years, describing thousands of gene functions and hundreds of metabolic pathways
within cells. New techniques allow access to cellular interactions on a system-wide scale,
an approach usually called the -omics (Feist et al., 2007, AbuOun et al., 2009).
These approaches have proven to be very useful in themselves but to fully understand
cellular function something more is needed. Biochemical and -omics approaches rely
either on studies of the very complex systems of evolved cells (Feist et al., 2007) or on
very simple interactions of puriﬁed single molecules in strongly simpliﬁed and unnatural
conditions (e.g. diluted, only one component observed at a time etc.).
Research on enzymatic metabolism is proceeding quickly and grants possibilities to
evaluate how metabolism could look like in a human-made 'artiﬁcial' cell (Braakman
and Smith, 2012). Other research lines follow an approach to reconstruct potential ways
how life developed on earth and accelerate it by means of modern (bio)chemistry.
Overall, the conclusion that metabolism was one of the major prerequisites in the
emergence of life and still is for life as we know today can be drawn (Jeong et al., 2000).
1
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The synthesis of nucleotides might possibly be one of the most important metabolic
pathways, as it is highly preserved and ubiquitous indicating its high evolutionary age
(Stryer et al., 2002).
1.2 Approaches to artiﬁcial cells
If one wants to tackle the challenge to create artiﬁcial cells that are living, or at least
life-like, one has to discuss the deﬁnition of life. Something artiﬁcial that "lives", will
have to fulﬁll general criteria that separates it from anything "non-living" (Deamer,
2010). A simple and widely accepted hypothesis is that: "life is a self-sustained chemical
system capable of undergoing Darwinian evolution" (Luisi, 1998, Cleland and Chyba,
2002, Chodasewicz, 2014). This deﬁnition is not only setting a mark to overcome, but
conveniently also helps to design the components of a proposed artiﬁcial cell (see section
1.2).
The complexity of life today likely evolved over certain, simpler forms. One logical
approach is to try to build artiﬁcial cell-like models or protocells to mimic complexity
at a higher level but to stay in control over practically all components and parameters
involved (Hodgman and Jewett, 2012, Swartz, 2012, Kurihara et al., 2015). Protocells
are considered to be simple, not-yet living, entities that are mere compartmentalized
chemical reactors. It is plausible that cellular life might have derived from protocells in
the distant past (Swartz, 2012, Kurihara et al., 2015).
In general, one can distinguish between two approaches to make life in terms of
human engineering. The ﬁrst approach is commonly regarded as a top-down approach,
meaning that an already living system is stripped of unnecessary components (mainly
genes) to create a minimal cell (Glass et al., 2006, Gibson et al., 2010).
In contrast to that stands the comparably young ﬁeld of "bottom-up" synthetic
biology. The goal of this ﬁeld is to use a set of well-deﬁned components with known
functions and assemble them to larger entities until life-like properties can be observed.
This would grant insight to further understand living systems (Szostak et al., 2001,
Noireaux et al., 2011, Schwille, 2011, Hodgman and Jewett, 2012).
The top-down approach
Nucleotide synthesis is one of the most crucial, conserved pathways in life shown by
its presence in monocellular species with a near-minimal genome such as M. genitalium
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(Glass et al., 2006). M. genitalium is a human pathogen of the urinary and genital
tracts and is the organism with the smallest known genome (with 580 kilobasepairs,
kbp), able to survive on its own (Fraser et al., 1995).
M. genitalium has 482 genes encoding for proteins of which 265-350 are thought of
being essential by transposon mutagenesis studies (Hutchison et al., 1999). As shown
in ﬁgure 1.1 there are three major metabolic reaction-pathways present in M. genital-
ium dedicated to phospholipid biosynthesis, glycolysis and nucleotide synthesis. These
pathways are dependent on stable conditions inside the cell, which is guaranteed by ion
pumps, substrate transporters and ATPases that convert available energy into usable
ATP.
A close-to-minimal system like this can only survive under special conditions in
nature or in the lab, when e.g. essential molecules like amino acids can be taken up
from the environment instead of being produced by the cell itself. This also reveals a
major problem in the top-down approach of making a minimal cell: essential genes for
a free-living organism become non-essential when, the ultimate product of that gene,
for example a certain molecule, is present in the growth-medium.
If the goal is to make an organism with a minimal number of genes it is possible
that transport mechanisms can be suﬃcient to keep the system going, thus reducing
the number of 'essential' genes.
In the example of M. genitalium, energy in form of ATP and the other nucleotides
might be added to the growth medium, making the nucleotide synthesis branch of
metabolism obsolete. An approach like this is usually not feasible due to its very high
costs, compound instability and absence of suitable transport mechanisms. Organisms
with such small genomes often are found to be parasites, depending on other organ-
isms providing nutrients and building blocks. The organism with the smallest reported
genome so far Nanoarchaeum equitans (480 kbp) for example, is an obligate symbiont
of the crenarchaeal Ignicoccus species and can only survive, contrary to M. genitalium
as a symbiont (Huber et al., 2002). One can say that a cell has to use the formula:
"If you cannot eat it, you have to make it", making complexity and ﬂexibility for cells
outside of laboratory conditions necessary.
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Figure 1.1: A schematic representation of the metabolism and substrate transport mecha-
nisms of M. genitalium from the work of Glass et al. (2006). Black boxes mark
unessential functions based on the authors study. Metabolic products are col-
ored red and proteins/enzymes are colored black. Except for membrane trans-
port three major functional ﬁelds are present: phospholipid biosynthesis, central
carbohydrate metabolism and nucleotide biosynthesis.
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The bottom-up approach
An approach that uses well-deﬁned components has to utilize more than genetic and
biochemical techniques, it has to combine the ﬁelds of biology, chemistry and engineering
to tackle the complexity of making artiﬁcial life (Schwille, 2011). Since there is no
existing system to build on, every component has to be designed in a way that it
fulﬁlls its speciﬁc function and, equally important is the synergistic interaction with
the function of every other component in the system. What nature did over billions of
years (also a kind of bottom-up approach), now has to be simulated and tested in a lab.
In general, researchers focus on three main parts of an artiﬁcial cell (see ﬁgure 1.2):
The ﬁrst is a compartment that determines the boundaries of the cell and manifests it
as an individual entity. The second is information (mainly nucleic acids) and regula-
tory systems that enable the protocell to renew its functional components. The third
part is a metabolism that enables the protocell to maintain itself by keeping it out of
thermodynamic equilibrium and to deliver the building blocks for its own function and
the other parts of the 'cell' (Blain and Szostak, 2014, Caschera and Noireaux, 2014).
Information
- DNA replication
- genetic regulation
- protein expression
Compartment
- lipid membrane
- sensory system
- selective transport
- homeostasis
Metabolism
- building blocks
- energy conversion
- homeostasis
Articial
Cell
Figure 1.2: A schematic representation of three main parts of an artiﬁcial cell. Reproduced
freely from Caschera and Noireaux (2014).
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Information
Nature chose to use DNA as its ubiquitous hereditary information storage molecule
(Avery et al., 1944, Hershey and Chase, 1952). DNA is chemically very stable and occurs
naturally in a double stranded, antiparallel, double-helical conﬁrmation that enables
duplication relatively easily (Watson and Crick, 1953, Meselson and Stahl, 1958). The
information encoded on DNA, as the sequence of bases, is translated into the messenger
molecule of single stranded RNA, which in turn is a mere copy of the base sequence
of the DNA strand. The ribosomes then are able to translate the information of the
mRNA into a sequence of amino acids that form the protein and determine its function.
These reactions are also referred to as the "central dogma of molecular biology" and
due to its importance it is logical that artiﬁcial cells try to hold themselves onto the
same dogma. That is why most research in cell-free synthetic biology does not deviate
from the series (Simpson, 2006):
DNA
transcription−−−−−−−−→ RNA translation−−−−−−−→ protein −−→ function
In order to properly use genetic information for an artiﬁcial cell the expression of
genes has to be regulated. To do this researchers assembled regulatory networks and
genetic oscillators to increase our understanding of the underlying principles of gene
regulation (Hasty et al., 2002, Sprinzak and Elowitz, 2005, Guido et al., 2006). It has
been shown that these principles can be applied to cell-free systems (Niederholtmeyer
et al., 2013, Karzbrun et al., 2014).
Compartments
The best candidate to serve as a compartment for developing an artiﬁcial cell may be
a lipid bilayer membrane. Membranes can be formed from fatty acids if the pKa of
the carboxylic acids matches the pH of the solution and a critical aggregate concen-
tration is reached (Cistola et al., 1988). It is thus possible that the ﬁrst membrane
vesicles could have been made of fatty acids, enabling information molecules and prebi-
otic metabolism to be separated from the environment and undergo darwinian evolution
(Luisi et al., 1994, Chen et al., 2004). Fatty acid based vesicles are not very robust.
Therefore naturally occurring vesicles and membranes are mainly made out of phos-
pholipids (Cronan, 2003). Phospholipids are more diﬃcult to obtain but form much
more versatile structures, which are stable over long periods of time (Jesorka and Or-
war, 2008). Membranes based on phospholipids fulﬁll many vital functions in evolved
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cells, by enabling special chemical conditions that can be kept constant inside the cell
independent of the cell's exterior (Roodbeen and van Hest, 2009). Additionally, the
cell membrane is not simply a barrier but it fulﬁlls a multitude of functions including
maintaining homeostasis of the cell by ion and substrate pumping, signal transduction,
energy production and environmental sensing by means of membrane proteins (Spec-
tor and Yorek, 1985, Kraft, 2013). Approximately 30 - 40 % of the genome of typical
organisms encodes for membrane-associated proteins (Krogh et al., 2001).
Metabolism
Metabolism is one of the key features of life which is implemented in artiﬁcial cells either
by limited speciﬁed enzyme cascades or application of cell lysate. During the last 50
years knowledge in this ﬁeld has grown and resulted in new approaches to understand
biology and its underlying principles (Fox, 1960, Szostak et al., 2001, Trevors, 2011).
Yet, there is an increasing demand of knowledge on how complex metabolic networks
can be engineered and how their responsiveness to stimuli can be predicted. Knowledge
over the complex interactions of metabolism can enable researchers to exercise control
over the metabolic ﬂuxes, to engineer them or to better understand natural systems
(Almaas et al., 2004). Metabolic engineering usually exploits existing pathways and
adapts them to the need of the researcher by addition or alternation of the metabolic
ﬂux (Swartz, 2012). Cell-free biochemical engineering is used for the production of
valuable compounds such as large scale pharmaceutical protein production (Zawada
et al., 2011) and production of complex iron-sulfur containing proteins (Boyer et al.,
2008). More recently, cell-lysates were optimized for the production of natural and
modiﬁed metabolites (Bujara et al., 2011).
Energy metabolism in cell free protein expression
Cell free gene expression or in vitro transcription and translation (IVTT) can be one
of the pillars of an artiﬁcial cell (Noireaux et al., 2011). Since it is a very energy
demanding process one of the main obstacles is to maintain a high energy ﬂux through
constant supply of nucleotides (mainly ATP) (Ryabova et al., 1995). During batch
IVTT reactions energy is commonly regenerated from high-energy phosphate bound
molecules as phosphoenolpyruvate (Pratt, 1984), creatine phosphate (Anderson, 1983),
acetyl phosphate (Ryabova et al., 1995) or 3-phosphoglyceric acid (Shin and Noireaux,
2010). These molecules are able to regenerate ATP stochiometrically, meaning that per
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mol phosphorylated compound one mol of ATP is regenerated. This can be improved
in a system using E.coli S30 lysate (Kim and Choi, 1996, Kim and Swartz, 1999)
by addition of pyruvate oxidase from Lactobacillus or Pediococcus sp. (Calhoun and
Swartz, 2005). The pyruvate oxidase converts pyruvate (which might originate from a
PEP+ADP −−→ pyruvate +ATP regeneration reaction), inorganic phosphate, oxygen
and water into acetyl-phosphate which yields another overall regenerated ATP and
creates acetate as waste product. The E.coli analogous enzyme is only able to convert
pyruvate into acetate without regenerating ATP. Pyruvate can be utilized in lysate
without exogenous enzymes by addition of NAD+ and coenzyme A as cofactors (see
ﬁgure 1.3) (Kim et al., 2001). Pyruvate will be converted by pyruvate dehydrogenase to
acetyl-CoA in the presence of NAD+ (regenerated by lactate dehydrogenase, yielding
one lactate) which can be converted into acetyl-phosphate by phosphotransacetylase.
Acetyl-CoA can also be formed by pyruvate-formate lyase yielding one formate as by-
product. The acetyl-phosphate will enable, as described above, the regeneration of
another molecule of ATP which is also inorganic phosphate neutral. The whole process
can be initiated from every glycolysis intermediate and even from glucose itself (reducing
the yield because glucose has to be phosphorylated in an ATP-dependent reaction)
(Calhoun and Swartz, 2005).
Figure 1.3: Proposed usage of pyruvate by cell lysate to elongate IVTT and improve yields.
Naturally occuring enzymes in the lysate convert pyruvate into acetyl-CoA which
can be converted into acetyl phosphate releasing the CoA again. Acetyl phos-
phate can transfer its phosphate group to ADP yielding ATP and acetate. NAD+
required as cofactor by pyruvate dehydrogenase is regenerated by lactate dehy-
drogenase converting one pyruvate to lactate. pdh= pyruvate dehydrogenase,
ldh: lactate dehydrogenase, Pi: inorganic phosphate, CoA: Coenzyme A. Scheme
reproduced from Kim et al. (2001)
Amore eﬃcient approach was demonstrated by Caschera and Noireaux (2014) to fur-
ther improve the regeneration of inorganic phosphate by using maltose as energy source.
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Maltose is hydrolyzed by maltodextrin phosphorylase yielding glucose and glucose-1-
phosphate (G1P) while consuming one inorganic phosphate. G1P is converted into
glucose-6-phosphate by phosphoglucomutase which is processed as described above by
glycolysis enzymes present in the lysate. All enzymes are present in the S30 E.coli
lysate, but limitations of the cell-free system have to be accounted for. Too high con-
centrations of substrates like maltose will result in a decrease of protein expression due
to side reactions occurring in the lysate which produce organic acids and decrease the
pH (Caschera and Noireaux, 2014). Similar problems occur with glucose as fuel, but
can be counteracted by optimizing the buﬀer system (e.g. Tris-bis buﬀer instead of
HEPES buﬀer which buﬀers at lower pH range) (Calhoun and Swartz, 2005).
Swartz and colleagues also reported a system that goes a step further (Jewett et al.,
2008). In the described system, named the cytomim system (see ﬁgure 1.4), glutamate
is acting as fuel but now mainly to deliver energy as reduction equivalents in a catabolic
enzymatic reaction cascade mainly made up by tricarboxylic acid (TCA) cycle enzymes.
NAD+ is reduced to NADH which then can deliver electrons into a membrane bound
electron transport chain on inverted membrane vesicles (IMVs) present in the IVTT
reaction mixture. The electron transport chain dislocates protons into the inner lumen
of the IMVs reducing its pH, while an ATP synthase enzyme complex uses this pH
gradient to eﬃciently phosphorylate ADP.
Another method to achieve long-lasting protein expression is of course to simply
ﬁll up replenished substrate for the reactions. These additions of feeding solution,
containing amino acids, NTPs, a phosphate donor and/or enzymes, will oﬀer fresh
reactants to keep the system out of equilibrium and additionally will dilute toxic reaction
products (Kim and Swartz, 2000, Jewett and Swartz, 2004). This approach can be
extended by utilizing a dialysis membrane which constantly supplies the reaction with
required nutrients and at the same time prevents toxic by-products to accumulate (Kim
and Choi, 1996). It also has been shown that this approach is feasible when applied
on the microscopic scale. Liposomes can act as microscopic reactors which contain an
IVTT reaction. The life time of this reaction can be signiﬁcantly enhanced by making
the membrane permeable to substrates, while keeping the enzymatic machinery inside,
thus transforming the liposomes into a micrometer sized dialysis bag (Chalmeau et al.,
2011, Osaki et al., 2011). In a microﬂuidic approach a continuous ﬂow of substrates is
able to keep the reaction in a steady-state and allows up to 2 days of protein expression
(Spirin et al., 1988, Niederholtmeyer et al., 2013, Karzbrun et al., 2014).
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Figure 1.4: A complex, network-like ATP regeneration system described by Jewett et al.
(2008). In the catabolism part addition of glutamate enables a partial citric-acid-
cycle to regenerate NADH and ATP. Oxidative phosphorylation takes place at
inverted membrane vesicles suspended in the reaction mix. NADH donates elec-
trons into E.coli 's electron transfer chain, creating a proton gradient which drives
ATP synthases. Finally the produced ATP is consumed by the IVTT machinery
enabling stable and long lasting protein expression.(αKG, α-ketoglutarate; SUC,
succinate; MAL, malate; PYR, pyruvate; OAC, acetate; OAA, oxaloacetate;
ASP, aspartic acid; Pi, inorganic phosphate; TFs, translation factors; aa-tRNAs,
aminoacylated-tRNAs)
1.3 Aim of this thesis
In this doctoral thesis I will demonstrate how artiﬁcial enzymatic networks can be de-
signed to fulﬁll a speciﬁc function in metabolism and gene expression. The goal of the
research was to couple diﬀerent biochemical pathways to establish protein expression us-
ing as input only amino acids, glucose, energy and the nucleobases adenine, guanine and
uracil. This minimal system required the construction of a combined metabolic network
of the oxidative part of the pentose phosphate pathway (PPP) (Sprenger, 1995) and the
salvage pathway of nucleotide synthesis as a convenient source of energy and building
blocks, respectively, within a potential synthetic cell. Coupled to in vitro transcription
and translation (IVTT) it suits well as a backbone of metabolism in synthetic cells. To
set the ground for further rational design towards synthetic cells, only isolated, puri-
ﬁed and well-described substrates and enzymes avoiding unpredictable side reactions
10
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were used ,except for chapter 5 (Tolbert and Williamson, 1997, Shimizu et al., 2001).
The nucleotide synthesis pathway yields both the building blocks for messenger RNA
(mRNA) and high energy compounds required to fuel the energy-demanding protein
biosynthesis in bacterial ribosomes (see above section 1.5).
II
III
I
PRPP
Glucose
Adenine
Guanine
Uracil
AMP
GMP
UMP
Kinases
CTPS
NTP synthesis 
G-6-P
pentose phosphate pathway
6-PGL Ru-5-P R-5-P
ATP
GTP
UTP CTP
PRPPS
HK G6PDH PRI6PGD
6-PGA
DNA
transcription
mRNA
translation
IVTT
R-5-P
NTP
ATP    GTP
deGFP
NTP
APRT, UPRT, XGPRT
Figure 1.5: A schematic representation of the overall goal of this thesis. The entire system
can be divided into three module. Module 1: Glucose is fed into the system
using the oxidative part of the pentose phosphate pathway (PPP) and stepwise
converted into ribose-5-phosphate. Ribose-5-phosphate is activated by phospho-
ribosyl pyrophosphate synthase to form phosphoribosyl pyrophosphate. Module
2 NTP synthesis: Phosphoribosyl pyrophosphate as active compound can then
be coupled to one of the three bases adenine, uracil or guanine yielding AMP,
UMP or GMP respectively. These are subsequently phosphorylated by kinases to
their respective triphosphates. CTP is formed by cytidinetriphosphate synthase
from UTP. Module 3 IVTT: The four NTPs then can act as building blocks for
transcription or ATP and GTP as fuel for the translation reactions. A detailed
scheme of modules I and II is drawn in ﬁgure 2.1.
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In vitro synthesis of NTPs by puriﬁed enzymes
Chapter 2 discusses the initial setup of the cascade, the components and concentrations
of all parts and the readout method used to measure the produced NTPs. Chapter
2 describes the design of the network and sets the stage for the coupled system in
chapter 3. The main challenge to overcome was to produce all four nucleotides in a
single reaction. This has been attempted already earlier by Tolbert and Williamson
(1997) but deemed unsuccessful because the cytidinetriphosphate synthase seemed to
be inhibited by one or more components of the reaction. We optimized the synthesis
of GTP from micromolar amounts to millimolar amounts and describe the successful
production of CTP in an in vitro transcription and translation buﬀer system.
The NTP producing cascade coupled to protein expression
Chapter 3 shows the successful linkage of in situ production of NTPs by means of the
reaction cascade described in chapter 2. It demonstrates that functional proteins can
be made in relevant amounts solely by the function of the nucleotide synthesis cascade
fueled by glucose, nucleobases and energy. A green ﬂuorescent protein is used as a
convenient and reliable live imaging tool that can be traced over a course of 12 hours
during which the reaction takes place.
Mathematical modeling of the entire network
In chapter 4 a mathematical model is presented to help explain the observed results
from chapters 2 and 3. Rate equations were taken from literature or derived and
mathematically tested for functionality in the model. The kinetic parameters were
taken from literature while the Vmax values were also subject to change to make a ﬁt
of the model to the data.
Towards network systems in vitro
Chapter 5 demonstrates the synthesis of NTPs by cell-free lysate in a comparable
way as described in chapter 2 but solely by enzymes present in the lysate, where only
cofactors and substrates are added. To come closer to the goal of an integrated network
the feasibility of protein expression by a cell-lysate based system fueled solely on glucose
is demonstrated. When these two components of metabolism are combined glucose is
converted through the glycolysis pathway enzymes to regenerate ATP in the whole sys-
tem, while the pentose phosphate pathway converts glucose into ribose-5-phosphate for
12
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nucleotide synthesis. Successful protein expression demonstrates that several naturally
occurring metabolic pathways can be utilized in vitro to form a functional network.
Conclusions and outlook
Chapter 6 reﬂects on the ﬁndings of this thesis and puts them into the context of the
ﬁeld and give perspectives for future research.
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Chapter 2
Nucleotide synthesis from
puriﬁed enzymes using the
salvage pathway
2.1 Introduction
Complex biochemical reaction networks drive many key processes in living systems,
including signaling pathways, self-repair, cell division, and energy metabolism (Kohn,
1999, Jeong et al., 2000, Ito and Suda, 2014). There is considerable interest in re-
assembling complex biochemical networks in vitro, in order to better understand the
properties of such networks and, ultimately, to facilitate a bottom-up approach to cell-
free synthetic biology (Purnick and Weiss, 2009, Schwille, 2011, Caschera and Noireaux,
2014). Much progress has been made in the optimization of cell-free gene expression,
mostly aiming to obtain optimal protein yields (Shimizu et al., 2001, Garamella et al.,
2016). Gene expression in nature is highly integrated with other metabolic pathways
such as nucleotide synthesis. To establish a successful route toward synthetic cells, the
diﬀerent networks should therefore be combined and operated eﬀectively in each oth-
ers presence. In this thesis, we show optimization of complex networks performed at
a systems level, yielding an eﬃcient cascade that generates fully folded protein. The
(re)generation of ATP in cell free protein synthesis systems is well recognized as an
important tool to optimize protein yield (Calhoun and Swartz, 2007). However, for a
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systems approach it is important to investigate if we can synthesize all four ribonu-
cleotides, as the nucleotides not only serve as a chemical fuel (ATP and GTP) to drive
the cascade, but are required to synthesize mRNA, the key intermediate product in
gene expression. In this chapter, we constructed a metabolic network consisting of the
oxidative part of the pentose phosphate pathway (PPP) and the salvage pathway of
nucleotide synthesis as a convenient source of energy and building blocks, respectively
(Sprenger, 1995).
This system will be coupled to in vitro transcription and translation (IVTT) in
chapter 3. We think that it suits well as a backbone of metabolism in synthetic cells,
because it links carbohydrate metabolism in an elegant way with IVTT, two of the core
sets of metabolic function in even the most simple cells (Glass et al., 2006). To set the
ground for further rational design towards synthetic cells we used only isolated, puriﬁed
and well-described components to avoid unpredictable side reactions. The nucleotide
synthesis yields both the building blocks for messenger RNA (mRNA) and high energy
compounds required to fuel the energy-demanding protein biosynthesis in bacterial ri-
bosomes.
The four-enzyme PPP provides the energetic building blocks necessary to construct
nucleotides with the nucleobases. Glucose is ﬁrst phosphorylated by hexokinase (HK)
to glucose-6-phosphate (G6P). The conversion of G6P to 6-phosphogluconic-δ-lactone
by glucose-6-phosphate dehydrogenase (G6PDH) and its spontaneous conversion to 6-
phosphogluconate is the rate determining step of our PPP (Miclet et al., 2001). 6-
phosphogluconate is then oxidized again by 6-phosphogluconate dehydrogenase (6PGD)
to ribulose-5-phosphate (Ru-5-P), which is interconverted into ribose-5-phosphate (R-
5-P) by phosphoriboisomerase (PRI). R-5-P ﬁnally is activated by phosphoribosyl py-
rophosphate (PRPP) synthase (PRPPS, top left of module II in ﬁgure 1.5) to PRPP.
Adenine, guanine and uracil are coupled to PRPP using their corresponding phospho-
ribosyl transferase yielding the cognate nucleoside monophosphates (NMPs). These
monophosphates are subsequently phosphorylated into diphosphates and triphosphates
by several kinases. Cytidine triphosphate (CTP) is synthesized from uridine triphos-
phate (UTP) by CTP synthase yielding the ﬁnal NTP necessary for mRNA transcription
and translation of a green ﬂuorescent protein (deGFP; detailed reaction scheme in ﬁgure
2.1.
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Figure 2.1: Scheme of the in vitro NTP synthesis reaction. (ATP: adenine triphosphate;
ADP: adenine diphosphate; AMP: adenine monophosphate; NADP+/H: nicoti-
namide adenine dinucleotide phosphate; PEP: phosphoenol pyruvate; PPi: inor-
ganic pyrophosphate; G6PDH: glucose-6-phosphate dehydrogenase; GD: gluta-
mate dehydrogenase; 6PGDH: 6-phophogluconic dehydrogenase; PRI: phospho-
riboisomerase; PRPPS: phosphoribosyl pyrophosphate synthetase; XGPRT: xan-
thine/guanine phosphoribosyl transferase; APRT: adenine phosphoribosyl trans-
ferase; UPRT: uridine phosphoribosyl transferase; GK: guanylate kinase; AK:
adenylate kinase; NMPK: nucleotide monophosphate kinase; dNMPK: desoxynu-
cleotide monophosphate kinase; PK: pyruvate kinase; CTPS: cytidine triphos-
phate synthase)
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2.1.1 Module I: Enzymes of the pentose phosphate pathway
In this section the enzymes used in the NTP synthesis reactions, their sources and the
catalyzed reaction are listed. The kinetic parameters used for the mathematical model
are listed in chapter 4.
Hexokinase (HK)
To phosphorylate glucose we purchased lyophilized hexokinase (HK) (Worthington bio-
sciences, USA; yeast, EC 2.7.1.1) for use in our cascade (Berger et al., 1946). HK
recognizes a broad range of hexoses and transfers the γ-phosphate group from ATP to
the C6 OH group of the hexose (Sols et al., 1958, Aleshin et al., 1999). The reaction
equation for hexokinase is:
glucose + ATP
Mg2+−−−→ glucose6phosphate + ADP
Glucose-6-phosphate dehydrogenase (G6PDH)
Glucose-6-phosphate dehydrogenase (EC 1.1.1.49) from L. mesenteroides was purchased
from Worthington biosciences (USA). It catalyzes the following reaction:
glucose6phosphate + NADP+ −−→ 6-phosphogluconoδ  lactone + NADPH
Glucose-6-phosphate dehydrogenase can utilize NADH and NADPH respectively
(Demoss et al., 1953).
Glutamate dehydrogenase (GD)
The glutamate dehydrogenase (bovine, Sigma Aldrich) reaction is added to the system
to regenerate NADP+ from NADPH, which is generated in the G6PDH and 6PGDH
reactions. It converts α-ketoglutarate to glutamate using NADPH as hydride source
(McCarthy and Tipton, 1985).
NH4
+ +NADPH+ αketoglutarate −−→←−− NADP+ + glutamate + H2O
6-phosphogluconic dehydrogenase (6PGD(H))
6-phosphogluconate dehydrogenase (EC 1.1.1.44) from yeast (Sigma Aldrich) catalyzes
the conversion of 6-phosphogluconate, which is formed from 6-phosphoglucono-δ-lactone
by hydrolysis, to ribulose-5-phosphate under NADP+ consumption releasing CO2.
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6-phosphogluconate + NADP+ −−→ ribulose5-phosphate + NADPH+CO2
Phosphoriboisomerase (PRI)
Spinach phosphoriboisomerase (Sigma Aldrich, EC 5.3.1.6) catalyzes the reversible con-
version of ribulose-5-phosphate to ribose-5-phosphate (Skrukrud et al., 1991).
ribulose5-phosphate −−→←−− ribose5-phosphate
2.1.2 Module II: Enzymes of NTP salvage/synthesis pathway
Phosphoribosyl pyrophosphatesynthase (PRPPS)
Human phosphoribosyl pyrophosphate synthase (own isolation, EC 2.7.6.1) catalyzes
the transfer of pyrophosphate from ATP to ribose-5-phosphate yielding phosphoribosyl
pyrophosphate, the basis for de novo and salvage nucleotide synthesis (Fox and Kelley,
1972). The enzyme was isolated as described in materials and methods 2.4 according
to Arthur et al. (2011).
ribose5-phosphate + ATP −−→ phosphoribosyl pyrophosphate + AMP
Xanthine-guanine phosphoribosyltransferase (XGPRT)
The E.coli enzyme xanthine-guanine phosphoribosyltransferase (own isolation, EC 2.4.2.22)
catalyzes the replacement of the pyrophosphate group of PRPP to either xanthine or
guanine to yield XMP or GMP (Vos et al., 1997). Only guanine base was used in this
study.
PRPP+ guanine −−→ GMP+PPi
Adenine phosphoribosyltransferase (APRT)
The E.coli enzyme adenine phosphoribosyltransferase (own isolation, EC 2.4.2.7) cat-
alyzes the synthesis of AMP from adenine and PRPP releasing pyrophosphate (Sin and
Finch, 1972) .
adenine + PRPP −−→ AMP+PPi
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Uridine phosphoribosyltransferase (UPRT)
Uridine phosphoribosyltransferase (own isolation, EC 2.4.2.9) from E.coli catalyzes the
synthesis of UMP from uracil and PRPP (Lundegaard and Jensen, 1999).
uracil + PRPP −−→ UMP+PPi
Adenylate kinase (AK)
The adenylate kinase (Sigma Aldrich, EC 2.7.4.3 from rabbit) reaction transfers phos-
phate between ADP, AMP and ATP to create an equilibrium between the three molecules
(Sheng et al., 1999):
2ADP −−→←−− ATP+ADP
Guanylate kinase (GK)
Similar to the adenylate kinase reaction guanylate kinase from yeast (Sigma Aldrich,
EC 2.7.4.8) catalyzes the formation of GDP from GMP transferring phosphate from
ATP (Agarwal et al., 1978)
ATP+GMP −−→ ADP+GDP
Nucleotide monophosphatekinase (NMPK)
Nucleoside monophosphatekinase (Sigma Aldrich, EC 2.7.4.4) is able to accept multiple
substrates and to create an equilibrium between mono-, di- and triphosphates. In this
enzyme cascade it is speciﬁcally employed to create UDP out of UMP, as the other
diphosphates have their own speciﬁc kinase (Strominger et al., 1959).
ATP+UMP −−→ ADP+UDP
Deoxynucleotide monophosphatekinase (dNMPK)
Deoxynucleotide monophosphatekinase (dNMPK, Sigma Aldrich, EC 2.7.4.13) was used
as an alternative or complement for guanylate kinase (Mikoulinskaia et al., 2003).
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Pyruvate kinase (PK)
Pyruvate kinase (EC 2.7.1.40) was purchased as glycerol solution from Sigma Aldrich
and always used as received.
Pyruvate kinase catalyzes the transfer of a phosphate group to any NDP with varying
eﬃciency. Its main target however is ADP as its foremost function is to store energy
from glycolysis in the form of ATP (Plowman and Krall, 1965, Bujara et al., 2011).
The PK-ADP reaction:
phosphoenolpyruvate + ADP −−→ pyruvate + ATP
The PK-GDP reaction:
phosphoenolpyruvate + GDP −−→ pyruvate + GTP
The PK-UDP reaction:
phosphoenolpyruvate + UDP −−→ pyruvate + UTP
Cytidinetriphosphate synthase (CTPS)
Cytidinetriphosphate synthase (EC 6.3.4.2) catalyzes the conversion of UTP to CTP
consuming NH3 and one ATP (Lewis and Villafranca, 1989).
UTP+ATP+NH3 −−→ CTP+ADP+ phosphate
2.2 Results
NTP synthesis reactions were carried out in small volumes as described in the mate-
rials and methods section 2.4. The enzymes of module I described above converted
glucose to phosphoribosyl pyrophosphate, which was used by either adenine phospho-
ribosyltransferase, uridine phosphoribosyltransferase or xanthine-guanine phosphoribo-
syltransferase to yield the corresponding NMP. The NMPs in turn were phosphorylated
to NTPs. During the experimentation the concentration of several essential cofactors
and substrates was tested. After the NTP synthesis was optimized the reaction was
transferred to a buﬀer system compatible with in vitro transcription and translation to
enable the coupling of NTP synthesis and protein synthesis in later chapters.
To detect the ﬁnal products of the NTP synthesis pathway FPLC (fast protein liquid
chromatography) was chosen as the best method above other techniques, because it
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enabled the detection of all four NTPs simultaneously and with high accuracy. Two
diﬀerent puriﬁcation protocols were developed to achieve separation of all four NTPs,
which were adapted from earlier reported oligonucleotide detection techniques (Nelissen
et al., 2009). The main diﬀerence between the protocols was the pH of the eluent (3.1
and 4, respectively). Both procedures separate NTPs with a diﬀerent resolution and
will be discussed in the next sections. Then the stepwise improvement of the NTP
system itself is described.
2.2.1 The pH 3.1 FPLC buﬀer system
A reported method for the separation of nucleotides employed FPLC-based ion exchange
chromatography , using a gradient of two phosphate buﬀers (buﬀers A-NTP and B-
NTP) of pH 3.1 and 5 , respectively. This methodology indeed demonstrated eﬀective
separation of the trinucleotides, but unfortunately also led to overlap between CTP and
one of the dinucleotides. This nucleotide was hypothesized to be UDP. All time points
at which samples were taken are shown in ﬁgures 2.2 and 2.3.
In ﬁgure 2.3 D the partially overlapping peaks of CTP and UDP are indicated. To
conﬁrm the identity a sample of four NTPs was run without and with added UDP.
The peak overlapping with CTP could be conﬁrmed as UDP (see ﬁgure 2.4). For every
sample either 10 µL or 30 µL were taken from the reaction and added to 990 µL or 970
µL of Buﬀer A-NTP respectively. After thorough mixing, the sample was centrifuged
for 10 minutes at 13,000 rpm and the supernatant was loaded into a 500 µL injection
loop of the FPLC. Excess sample was discarded so every run analyzed 500 µL of diluted
sample or either 5 µL or 15 µL of pure NTP synthesis mixture respectively.
In ﬁgure 2.3 C (after 5 hours of reaction at 37◦) ATP, UTP and GTP were seen
clearly as well as their diphosphates and GMP. The CTP produced was not resolved by
this method because the strong signal of UDP overlapped with the CTP peak. Figure 2.3
D showed a zoom of the reaction after 140 minutes with the weak signal of CTP visible.
At this point the UDP concentration was too low to mask the CTP signal. In this
experiment it became also visible that the concentration of triphosphates after 5 hours
incubation was lower than after 140 minutes. This was likely caused by depletion of
PEP and the ongoing activity of adenylate kinase and nucleotide monophosphatekinase
that restored the equilibrium between NMP, NDP and NTPs.
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Figure 2.2: Timepoints 0 (A), 20 (B), 40 (C) and 60 (D) minutes of a nucleotide synthesis
reaction measured with the pH 3.1 buﬀer system. After 60 minutes (D) newly
formed ATP can be clearly seen as well as emerging peaks of GTP and UTP. The
ratio of absorption at diﬀerent wavelengths helps to identify the diﬀerent NTPs
together with their retention time.
Table 2.1: Identiﬁers for the pH 3.1 buﬀer system . Retention volume on column and the
ratio between 280 nm and 260 nm absorption maxima are indicated
CTP ATP UTP GTP
Retention volume (ml) 13.84 17 20.2 22.8
Ratio 280 nm/260 nm 1.92 0.17 0.3 0.65
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Figure 2.3: Time points 100 (A), 140 (B) and 300 (C) minutes of the same nucleotide syn-
thesis reaction as shown in ﬁgure 2.2 measured with the pH 3.1 buﬀer system.
D shows a zoom of the close peaks of UDP and CTP.
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Figure 2.4: Two samples measured with the pH 3.1 buﬀer system. A shows 4 puriﬁed com-
mercial nucleotides as used in the calibration line. The double amount of ATP
and GTP is present in this particular sample. B shows a sample spiked with
UDP to conﬁrm its retention during elution.
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2.2.2 The pH 4 system
Due to the poor separation of CTP and UDP, more buﬀer combinations were tested,
and a system based on two buﬀers, both at pH 4, was chosen to analyze samples with a
diﬀerent elution pattern. To achieve the best analysis of both CTP and the other NTPs
every sample time point was loaded onto two diﬀerent FPLCs equipped with the two
diﬀerent buﬀer systems. The pH 4 system was mainly used to give the values for CTP
concentration, since the ATP and UDP peaks are slightly overlapping making quantiﬁ-
cation more diﬃcult. An example of a successful NTP synthesis reaction is given in
ﬁgures 2.5 and 2.6. The retention time changed for every nucleotide as can be seen in
table 2.2 and the absorbance ratio 280 nm/260 nm for CTP changed from 1.92 to 1.2
due to the change in local pH.
A B
C D
Figure 2.5: The same sample as applied in ﬁgure 2.2. Time points 0 (A), 20 (B), 40 (C) and
60 (D) minutes of the same reaction) were measured with the pH 4 system. In
this case 10 µL instead of 30 µL were loaded.
The NTP concentrations derived from the two methods for this sample are displayed
in Figure 2.7. Concentrations of diphosphates and monophosphates were typically not
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Figure 2.6: Time points 100 (A), 140 (B) and 300 (C) minutes of the same NTP synthesis
reaction as seen in ﬁgure 2.3. In C the mono and diphosphates are labeled and
the separation of diphosphates from triphosphates in blocks becomes apparent.
D shows a zoom of the 140 minute time point measurement as in ﬁgure 2.3
included into the results, because they were not considered to be catalytically active for
the subsequent reactions of transcription and translation.
As can be seen in ﬁgure 2.7 concentrations of NTPs after 300 minutes were not
increasing anymore and the concentration of ATP was even severely decreasing. Fig-
ures 2.3 and 2.6 show that in the sample taken after 300 minutes concentrations of
NDPs were strongly increased. This was likely due to a lack of phosphoenolpyru-
vate that shifted the equilibrium between all forms of nucleoside phosphates towards
diphosphates. Additional to that, ATP also acts as a cofactor in the NTP synthesis
pathway which is continuing to work as long as substrates and ATP are present (see
scheme in ﬁgure 2.1). This conclusion can be derived from the fact that the nucle-
obase concentrations continued to decrease between time points 140 and 300, meaning
that they were still consumed in reactions of adenine phosphoribosyltransferase, uri-
dine phosphoribosyltransferase and xanthine-guanine phosphoribosyltransferase, yield-
ing the corresponding NMPs, which need phosphoribosyl pyrophosphate as substrate.
Phosphoribosyl pyrophosphate in turn can only be formed after phosphorylation by two
ATP molecules. The mathematical model described in chapter 4 also indicates that the
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Table 2.2: Identiﬁers for the pH 4 buﬀer system using buﬀers A-CTP and B-CTP. Retention
volume on column and the ratio between 280 nm and 260 nm absorption maxima
are indicated. Due to changed retention times ATP and UTP elute in reverse
order.
CTP UTP ATP GTP
Retention volume (ml) 19.2 21.4 22.2 25
Ratio 280 nm/260 nm 1.2 0.3 0.17 0.65
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Figure 2.7: The concentrations of NTPs derived from the experiment which is depicted in
ﬁgures 2.2 and 2.3 for the pH 3.1 detection system and ﬁgures 2.5 and 2.6 for
the pH 4 system. Concentrations of NDPs and NMPs are not included in these
ﬁgures.
concentration of phosphoenolpyruvate used was not suﬃcient to maintain a forward
ﬂux in the reaction mixture.
2.2.3 Optimisation of GTP production
In this section the procedural improvement of the NTP synthesis system is described
that was analyzed using the methods described above. The ﬁrst NTP synthesis reactions
conducted as described in section 2.4, showed good results concerning the production of
ATP and UTP, while GTP was only produced at µM concentrations and CTP was not
detectable at all. Figure 2.8 shows the concentrations of an exemplary reaction with
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low GTP and undetectable amounts of CTP.
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Figure 2.8: The results of an early NTP synthesis reaction producing only ATP and UTP in
satisfying concentrations. GTP was produced only in µM concentrations and no
signal of CTP could be detected.
As can be seen, ATP was produced nearly at maximum capacity since there were
only 10 mM adenine base present in solution. UTP was produced at a slower rate and
its concentration still increased until the last data point after 5 hours of incubation.
Since it is known that GTP is the most crucial of the four nucleotides in a coupled
IVTT reaction due to its prominent role during translation, we concentrated ﬁrst on
optimizing GTP production (Ramakrishnan, 2002).
The possible explanations for the poor performance of the system were relatively
unclear. Although guanine is poorly soluble in watery solutions being mainly in sus-
pension at the pH of the NTP synthesis reaction, this could be quickly ruled out as the
cause of the low GTP production.
Guanylate kinase as weakest link
After revising some of the early experiments it became obvious that, although GTP
was not produced in satisfying concentrations, there was a clear signal of GMP coming
up in the reaction relatively early (see ﬁgure 2.9). This indicated that possibly not
the solubility of guanine was the problem, but that GMP was not eﬃciently converted
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into GDP and eventually GTP. The enzyme responsible for this reaction was guanylate
kinase.
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Figure 2.9: FPLC chromatogram measured with the pH 3.1 system after 5 hours of incu-
bation. As can be seen GMP is present in relatively high amounts while GTP
was not produced signiﬁcantly (concentrations given in ﬁgure 2.8. Peaks in this
sample are especially high because instead of 30 µL sample in 1ml buﬀer, 65 µL
sample were diluted in only 700 µL buﬀer to increase sensitivity for low concen-
tration components.
To solve this problem reactions were supplemented with deoxynucleoside monophos-
phate kinase (dNMPK, EC 2.7.4.13). DNMPK acts more promiscuous and can essen-
tially use all NMPs as substrate for phosphorylation (Mikoulinskaia et al., 2003). When
60 Units (U) of dNMPK were added gratifyingly GTP concentrations of around 3 mM
after 5 hours incubation were observed as shown in ﬁgure 2.7. This was deemed to
be suﬃcient to give reliable results, since no signiﬁcant peaks of GMP and GDP were
observed any longer. The overall production rate of GTP was thus determined by the
slowest reaction step, possibly the xanthine-guanine phosphoribosyltransferase reaction
fusing guanine and phosphoribosyl pyrophosphate. This can be derived because of the
higher production rates of ATP and UTP, which share phosphoribosyl pyrophosphate
as common substrate.
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Inconsistent results with CTP production
After solving the problem with GTP production, CTP remained the last nucleotide that
was not produced eﬃciently. In literature it was already attempted to produce all 4
nucleotides in a single reaction for isotopical labeling, but cytidinetriphosphate synthase
seemed unable to produce CTP in detectable amounts (Tolbert and Williamson, 1997).
This was likely because one or more components of the entire reaction cascade was
inhibiting cytidinetriphosphate synthase (Tolbert and Williamson, 1997, Lunn et al.,
2008). Although this appears to be also true for most reactions performed for this
thesis, there were some rare events when indeed CTP could be produced and measured
in signiﬁcant concentrations (see ﬁgure 2.10). We were not able to reproduce this eﬀect
reliably as from approximately 120 NTP synthesis reactions CTP was produced in low
but detectable amounts approximately 4-5 times.
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Figure 2.10: Concentrations of nucleotides of a single NTP synthesis reaction. Here CTP
was produced a little over 1 mM after 5 hours incubation. This special experi-
ment was designed to test which eﬀects inﬂuence the long term performance of
the system. After 24 hours (1440 minutes) the NTPs are nearly all converted
into their respective disphosphate form (not shown in this ﬁgure). Fresh phos-
phoenolpyruvate was added after this sample was taken which, after another
45 hours incubation (69 hours after reaction begin), shifted the full nucleotide
population back to triphosphates.
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Nucleotide synthesis under IVTT conditions enables synthesis of CTP
In order to assess the performance of the NTP synthesis cascade (Modules I and II)
under the conditions of the IVTT reaction (Module III) we performed these reactions
also in IVTT buﬀer. The IVTT buﬀer was prepared with minor changes according
to Shimizu et al. (2001) containing 5 mM potassium phosphate, 95 mM potassium
glutamate, 9 mMMg-acetate, 0.5 mM CaCl2, 1 mM spermidine, 8 mM putrescine, 1 mM
DTT, 50 µM creatine phosphate, 0.02 U creatine kinase and 0.02 U of pyrophosphatase
(pH 7.6).
In order to compare these experiments a 'standard' reaction mixture was prepared,
as well as the described IVTT buﬀer, and upon start a part 'standard' reaction (prepared
as described in 2.4 with added dNMPK) of which an aliquot was added to the IVTT
buﬀer to give 8 % ﬁnal concentration. This results in a 12.5 times dilution of all reagents
and of course possible products. The reactions were incubated parallel to 'standard'
reactions and samples were taken simultaneously to better assess the change in the
system performance.
The results of these experiments are shown in ﬁgure 2.11. The 'standard' reaction
gave good results as expected for ATP, UTP and GTP but not CTP. Another time
point of 24 hours was added to reveal possible slower eﬀects on the system (2.11 A).
In the reaction incubated in IVTT buﬀer (ﬁgure 2.11 B) all concentrations were
lower due to the dilution but the performance of ATP, UTP and GTP production
was very comparable to A. During the ﬁrst 5 hours no CTP was made but after 24
hours of incubation a signiﬁcant signal of CTP (810 µM ± 30 µM) appeared in every
reaction. These ﬁndings were reproduced at least three times on diﬀerent days with
low variation. The error bars in ﬁgure 2.11 indicate the standard deviation between
these experiments. The underlying principle on why CTP production was enabled in
these conditions is currently not fully understood. The dilution of the entire sample
in the IVTT buﬀer can play a major role by reducing the concentrations of potential
inhibitors to cytidinetriphosphate synthase.
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Figure 2.11: Concentrations of 3 independent NTP synthesis reactions performed under
'standard' conditions (A) and performed in IVTT buﬀer (B). A: A normal
pattern of 'standard' NTP synthesis. CTP is produced only in µM concentra-
tions. B: The same reaction performed in IVTT buﬀer shows diluted overall
concentrations and a signiﬁcant production of CTP after 24 hours.
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2.3 Discussion and Conclusions
2.3.1 NTP salvage pathway as robust system
Overall the NTP synthesis system adapted from protocols of Tolbert and Williamson
(1997) and Nelissen et al. (2009) works in a very reliable manner. Approximately 120
NTP synthesis reactions have been conducted during this study with robust results and
good reproducibility.
2.3.2 High performance for ATP and UTP
As described in the results section 2.2, ATP and UTP were readily produced from
the ﬁrst experiments we conducted after conception of the experiments. The enzymes
uridine phosphoribosyltransferase and adenine phosphoribosyltransferase worked at suf-
ﬁcient speeds, as did nucleotide monophosphatekinase and adenylate kinase which re-
sulted in a fast reaction ﬂux resulting in low intermediate concentrations, as can be seen
in the FPLC traces (e.g. ﬁgure 2.3 shows at time point 140 minutes mainly triphos-
phates). In addition to the robust function of the enzymes, ATP (and probably UTP
too, see chapter 3) can also act as a positive feedback on the performance of the cascade,
as it may act as a cofactor to some enzymes in the cascade (Andersen and Neuhard,
2001).
2.3.3 Improving GTP production
GTP is considered to be the most important nucleotide due to its prominent role in
translation, since 2 molecules of GTP are hydrolyzed for each amino acid added in
translation (Ramakrishnan, 2002). Literature studies state that GTP can improve
the yield of ﬂuorescent protein produced when applied at concentrations of 2 mM or
3 mM compared to 1 mM of all other NTPs (Shimizu et al., 2001, Hansen et al.,
2016). Since a build up of GMP could be observed (Figure 2.9) it was obvious that
the xanthine-guanine phosphoribosyltransferase reaction was not the limiting step in
production of GTP but rather the conversion of GMP to GDP by guanylate kinase.
The addition of deoxynucleotide monophosphatekinase overcame this bottleneck and
GTP was produced in mM concentrations. It did, however, not reach the productivity
levels of UTP or ATP.
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2.3.4 CTPS inhibition by reaction products and byproducts
The ﬁnal obstacle in producing all four nucleotides was the well described inhibition of
cytidinetriphosphate synthase by several components in the reaction mixture (Tolbert
and Williamson, 1997, Endrizzi et al., 2005). In literature this problem has been over-
come by producing ATP, UTP and GTP in a single reaction, purifying the products of
this synthesis and splitting the products in two batches. One batch of puriﬁed NTPs
is then used for a cytidinetriphosphate synthase reaction yielding CTP. After another
puriﬁcation step the two batches are recombined and a mixture of all four NTPs is
obtained (Tolbert and Williamson, 1997). It is possible that the transfer to the IVTT
buﬀer prepared the ground for a similar eﬀect. All reaction components are diluted
reducing the concentration of potential inhibitors.
Other attempts to overcome the inhibition aimed at reducing the allosteric inhibition
of some components, like CTP, to increase cytidinetriphosphate synthase activity by
protein engineering (Zhu et al., 2014).
2.3.5 Outlook
The ability to reliably produce all four nucleotides in a single synthesis mixture is of
importance for researchers using this approach to isotopically label NTPs since this was
the main motivation to use the entire cascade in vitro (Tolbert and Williamson, 1997).
The scope of this thesis could not reveal the cause of either the occasional successful
CTP production in a 'standard' reaction (see ﬁgure 2.10), since it could not be repeated
reliably. It also remains unclear why CTP can be produced after adding the NTP
synthesis mixture to an IVTT buﬀer but not in the identical but more concentrated
'standard' reaction (ﬁgure 2.11). This will have to be part of future research.
2.4 Materials and Methods
All chemicals and reagents were used as received unless otherwise noted. All chemicals
were purchased from Sigma-Aldrich (USA) unless otherwise noted. Custom NTP-free
PURExpress R© IVTT kits were purchased from New England Biolabs (USA). MilliQ
water was obtained from a Labconco Water Pro PS puriﬁcation system with a resis-
tivity of 18.1 MΩ. Hexokinase and glucose-6-phosphate dehydrogenase were purchased
from Worthington Biosciences (USA). The enzymes adenine phosphoribosyltransferase,
uridine phosphoribosyltransferase, xanthine-guanine phosphoribosyltransferase and cy-
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tidinetriphosphate synthase were produced and isolated as described below. All other
enzymes were purchased from Sigma-Aldrich.
Isolation of enzymes
Plasmids encoding the genes for xanthine/guanine phosphoribosyltransferase (XGPRT),
uracil phosphoribosyltransferase (UPRT), adenine phosphoribosyltransferase (APRT),
phosphoribosyl pyrophosphate synthetase (PRPPS) and CTP synthase (CTPS) were
generously donated by T. Kwaku Dayie (University of Maryland, USA). We followed the
established procedure for the enzyme isolation from the Dayie lab described in Arthur
et al. (2011) with minor changes. The genes for APRT, UPRT, CTPS and XGPRT were
cloned into a pET-15b vector. The gene for PRPPS was cloned into a pET22b(+) vector.
The vectors were transformed via a heat shock protocol into competent BL21(DE3)
E.coli cells and positive clones were selected on LB-agar plates containing 100 µg mL−1
ampicillin. Liquid colonies were grown at 37 ◦C in 20 mL LB medium as pre culture over
night. 1 liter of LB medium containing 100 µg mL−1 ampicillin was inoculated with
the pre culture of any corresponding plasmid carrying culture. After 3 hours growth,
isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a ﬁnal concentration of 1
mM. Cells were harvested by centrifugation at 8,000 rpm after another 3-4 hours at 37
◦C and the pellet was frozen at -80 ◦C until isolation. For isolation of the His-tagged,
expressed proteins the frozen cell pellets were thawed on ice and resuspended in ice
cold lysis buﬀer (50 mM sodium phosphate, 300 mM NaCl, 10 mM imidazole, pH 8)
supplemented with 1 mg/ml lysozyme and placed on ice for 30 minutes. The cells were
subsequently disrupted by sonication with 20 second bursts with 20 second resting time
on ice until the liquid was not viscous anymore. The cellular debris was pelleted by
centrifugation at 45,000 g for 30 minutes. The supernatant was loaded on a HisTrap HP
column (GE Healtcare, USA), equilibrated with lysis buﬀer (except for the lysozyme)
with 1 ml bed volume using a peristaltic pump. The column was washed with 2 column
volumes of lysis buﬀer without lysozyme and then with 6 column volumes of wash
buﬀer (50 mM sodium phosphate, 300 mM, NaCl, 50 mM imidazole, pH 8). Bound
enzymes were eluted in elution buﬀer (50 mM sodium phosphate, 300 mM NaCl, 400
mM imidazole, pH 8). The elution fractions were tested using SDS polyacrylamide gel
electrophoresis (SDS-PAGE) and subsequent staining with Coomassie brilliant blue R-
250. After a positive result of the SDS-PAGE analysis the enzyme fraction was dialyzed
against storage buﬀer (50 mM sodium phosphate, 150 mM NaCl or 300 mM NaCl for
PRPPS only), concentrated by centrifugation in Amicon Millipore (USA) spin ﬁlters
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and ﬁnally 96% glycerol was added in equal volume. The activity of the sample obtained
was measured in an enzymatic assay described by Arthur et al. (2011).
Isolation of phosphoribosyl pyrophosphate synthase
Phosphoribosyl pyrophosphate synthase was produced and isolated according to the
description in 2.4. Figure 2.12 shows the quality control gel of phosphoribosyl py-
rophosphate synthase after isolation and elution from the Ni-NTA column. Elution
fractions 3 and 4 were pooled, dialyzed and concentrated. The activity of the sample
was determined to be 0.0355 U/µL using an enzymatic assay according to Arthur et al.
(2011).
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Figure 2.12: SDS-PAGE of puriﬁed samples of PRPPS after isolation. All the elution frac-
tions were loaded. Empty fractions E1 and E2 are due to the dead volume of
the column of approximately 2.5 ml.
Isolation of xanthine-guanine phosphoribosyltransferase
Xanthine-guanine phosphoribosyltransferase was produced and isolated according to
the protocol in 2.4. After puriﬁcation samples of 3 diﬀerent fractions of eluted enzyme
were loaded on a gel (each fraction was of approximately 1.5 ml of volume) together
with an unpuriﬁed "crude" sample for comparison (ﬁgure 2.13). Xanthine-guanine
phosphoribosyltransferase is expected to be 17 kiloDaltons (kDa equivalent to 1,000
g * mol−1). Fraction E5 showed the highest concentration of enzyme and also the
highest activity with 0.172 U/µL. Fractions E6 and E7 were also loaded but not used
in experiments later on. Their bands also showed the puriﬁed protein more clearly due
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to a lower concentration together with co-eluted lysozyme (approximately 14 kDa). For
further experiments only enzyme of fraction E 5 was used.
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Figure 2.13: SDS-PAGE of puriﬁed samples of XGPRT after isolation. 'Crude' is a sample
of cell lysate before addition on the Ni-NTA column. Elution fractions 5, 6 and
7 were loaded onto the SDS gel after dialysis and concentration. Only fraction
5 was used due to its very high concentration.
Isolation of adenine phosphoribosyltransferase
Adenine phosphoribosyltransferase was produced and isolated using the procedure de-
scribed above from Arthur et al. (2011). Figure 2.14 shows a SDS-PAGE of the eluted
fractions after isolation. After lysis of E.coli cells the 'crude' fraction was obtained con-
taining all proteins that were not spun down after lysis of the cell wall and disruption
of cell membrane. Lanes E2 to E7 showed elution bands obtained after the Ni-NTA
puriﬁcation step. The ﬁnal product consisting of pooled fractions 2, 3 and 4 after dial-
ysis and concentration was loaded into lane 'conc'. It showed an activity of 0.12 U/µL
using the method described in Arthur et al. (2011).
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Figure 2.14: SDS-PAGE of puriﬁed samples of APRT after isolation. 'Crude' is a sample of
cell lysate before addition on the Ni-NTA column. Elution fractions 2 to 7 were
loaded on the gel as well as the combined fractions 2, 3 and 4 after dialysis and
concentration labeled as 'conc'. The expected MW is 19 kDa.
Isolation of uridine phosphoribosyltransferase
Like the other phosphoribosyltransferases uridine phosphoribosyltransferase was pro-
duced and isolated according to Arthur et al. (2011). Figure 2.15 shows the SDS-PAGE
analysis. Fractions 3 and 4 were dialyzed and concentrated by spin ﬁltration for further
use. The activity of the ﬁnal 50 % glycerol solution was 0.0082 U/µL.
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Figure 2.15: SDS-PAGE of puriﬁed samples of UPRT after isolation. The "crude" sample
is cell lysate before Ni-NTA column puriﬁcation. Elution fractions 2 to 7 were
loaded after puriﬁcation and the pooled fractions 3 and 4 after dialysis and
concentration again in lane 'conc'. Expected size is about 19 kDa.
Isolation of cytidinetriphosphate synthase
Human cytidinetriphosphate synthase 2 was produced and isolated along with the phos-
phoribosyltransferases as described above. Its speciﬁc activity was measured according
to the proposed method from Arthur et al. (2011). The purity and identity of the prod-
uct was checked by SDS gel electrophoresis (ﬁgure 2.16). The size of the product was
expected to be 67.5 kDa and no apparent protein contaminants were visible on the gel.
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Figure 2.16: SDS-PAGE of puriﬁed samples of CTPS after isolation. All fractions of the
elution were loaded on the gel. Fractions 3 and 5 were pooled and concentrated
for further use. Expected size of CTPS is 67.5 kDa. Marker band sizes are
given to the right (M) and are in kDa.
NTP synthesis reactions
The NTP synthesis reaction (see scheme 2.1) was conducted using an adapted protocol
from Nelissen et al. (2009). The individual components were mixed in a 2 ml gas
chromatography (GC) vial, placed on ice, in the order as depicted in table 2.3. Before
addition of MgCl2, the pH was adjusted to 7.75 with 3M HCl. When multiple conditions
of the cascade were tested the substrate part and the enzyme part were pipetted as
two individual master mixes using 110% of the necessary volume and mixing the two
parts of the reaction on ice just prior to reaction start. Otherwise all components
were mixed in the GC vial with hexokinase added last to start the reaction. The
reactions were incubated at 37◦under stirring. Samples of 80 µL or 200 µL (IVTT-
buﬀer NTP synthesis) were taken at time point 0 (directly after addition of hexokinase,
still on ice) after 20, 40, 60, 100, 140, 300 and 1440 minutes. The concentrations of
the nucleotides formed were measured by means of fast protein liquid chromatography
(FPLC, details described in section 2.2.1). The concentrations were averaged over at
least three independent experiments. Error bars denote the standard deviation between
the diﬀerent experiments.
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Table 2.3: Ingredients of initial NTP synthesis reactions. The ingredients were pipetted in
the depicted order.
Substrates Final concentration (mM)
α-Ketoglutarate 90
NH4Cl 100
KHPO4 pH 7,5 50
DTT 20
Carbenicillin 0.1
K-Phosphoenolpyruvate 160
ATP 0.625
Glucose 40
Guanine 10
Uracil 20
Adenine 10
NADP+ 0.09
MgCl2 10
Enzymes Final concentration (U mL−1)
Pyruvate kinase 9.38
Adenylate Kinase 12.5
Glutamate dehydrogenase 6.25
Glucose 6-phosphate dehydrogenase 3.75
6-Phosphogluconic DH 0.63
Phosphoriboisomerase 12.5
PRPPS 0.63
XGPRT 1.88
Guanylatekinase 0.4
APRT 0.19
UPRT 0.19
CTPS 0.4
NMPK 0.25
Hexokinase 16.88
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Anion exchange chromatography for NTP detection
The concentrations of NTPs in the diﬀerent experiments were monitored by Fast Protein
Liquid Chromatography or FPLC using a Resource Q 1 ml column (GE Healthcare,
USA). Two diﬀerent methods were used for the detection of CTP and the detection of
ATP, GTP and UTP. CTP was separated and detected on an Amersham Biosciences
AKTA FPLC machine using Buﬀer A-CTP (10 mM KPO4 pH 4) and Buﬀer B-CTP
(50 mM KPO4 pH 4, 0.5 M NaCl). The other NTPs were separated in a gradient
of two buﬀers A-NTP (25 mM KPO4 pH 3.1) and B-NTP (25 mM KPO4 pH 5, 1M
NaCl). One liter of buﬀer A-CTP (pH 4 system) contained 1.36 g KH2PO4 (10 mM)
and was adjusted to pH 4 with 85% phosphoric acid while buﬀer B-CTP contained
6.8 g KH2PO4 (50 mM) and 29.22 g NaCl (500 mM). One liter of buﬀer A-NTP (pH
3.1 system) contained 3.4 grams of KH2PO4 (25 mM) adjusted to pH 3.1 with 85%
phosphoric acid. Buﬀer B-NTP contained the same amount of KH2PO4 as Buﬀer A-
NTP, but was adjusted to pH 5 and contains 58.44 g/l NaCl (1 M).
Every FPLC run started with 8 column volumes (CV) of equilibration with any
buﬀer A (for NTP or CTP detection) followed by 2.5 CV of sample injection of buﬀer
A ﬂushing the injection loop. Unbound sample was ﬂushed out of the column with
2 CV buﬀer A followed by a 25 CV gradient to either 50% buﬀer B-NTP or 100%
buﬀer B-CTP. For buﬀer B-NTP the gradient was then steepened to 100% within 2
CV. Afterwards the column was washed with 5 CV 100% buﬀer B. Finally buﬀer B
was washed out by 8 column volumes of buﬀer A. During every FPLC run, absorbance
at three wavelengths 260 nm, 271 nm and 280 nm was continuously measured. The
ratio of A280nm/A260nm was used as a secondary identiﬁcation method next to the
retention time (see tables 2.1 and 2.2) (Sambrook, 2001).
Column maintenance
The Resource Q column had to be washed approximately every 30 - 50 samples that
were measured due to increasing clogging of insoluble matter and stronger back pressure.
Washing was usually conducted with ﬂushing the column with 20 CV of 2 M NaCl
followed by 10 CV of MilliQ deionized water. This step was followed by 20 CV of 1 M
NaOH again followed by water and then the column was ﬁnally washed with 20 CV 1
M HCl again followed by MilliQ water.
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Calibration of FPLC measurements
Several calibrations were done in various intervals of several weeks to assure a constant
accuracy of the measurements and to account for small changes in e.g. lamp brightness,
absorbance of NTPs due to minor pH changes or general changes in the FPLC machine
due to unknown factors. All relevant data presented in this thesis were obtained with
these calibration rows. The surface under the curve of 260 nm (271 nm for CTP) was
calculated by the AKTA UNICORN software of known concentrations of NTPs that
were loaded onto the column in diﬀerent volumes.
For CTP a value of 1,828.6 mAU * ml is equivalent to 1 µmol CTP eluted from the
column. As an example calculation 1 µmol CTP in a 500 µL volume (the volume of
sample diluted in buﬀer A that is injected from the loop) would have to be multiplied
with 2,000 to give the concentration of diluted CTP in 1 liter buﬀer (2 mM). Then the
dilution in buﬀer A has to be taken into account by multiplying it with 2 mM. 30 µL
in 1 ml total volume is a dilution factor of 33.3 giving a original concentration of 66.6
mM CTP in an assumed sample.
The same procedure was applied to the other NTPs measured with the pH 3.1 system
with values for ATP 2,512.6, UTP 1,534 and GTP 2,263 mAU * ml. Calibration lines
had a R2 values of 0.99.
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Chapter 3
Protein expression fueled by in
situ NTP synthesis
3.1 Introduction
The coupling of NTP synthesis to protein production was the primary goal of this work
and is described in this chapter. The process of NTP synthesis forms the building
blocks for mRNA, which carries the information into ribosomes and translates into an
amino acid sequence. Furthermore, the nucleotides ATP and GTP also supply energy
for translation-related reactions. ATP fuels the coupling of free amino acids to transfer
RNA (tRNA) by aminoacyl tRNA synthetases (Woese et al., 2000). GTP is consumed
by elongation factors Tu and G on the ribosome in the process of translation, enabling
the shuttling of tRNAs through the ribosome, and forming the peptide bond between
amino acids (Mohr et al., 2002). The energy to fuel the NTP synthesis and therefore
eventually the transcription and translation is supplied as chemical energy in the form
of phosphoenolpyruvate, enabling NMPs and NDPs to be phosphorylated to NTPs.
In this chapter the coupling of NTP synthesis to in vitro transcription and transla-
tion is described.
3.1.1 IVTT as crucial component of artiﬁcial cells
Many approaches to build artiﬁcial cells are built on transcription and translation as
the main functional module. As all the components can be isolated fully functional from
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living organisms, the system should be very robust and modiﬁcations are relatively easy
to implement with the use of DNA and RNA as genetic information (Szostak et al.,
2001).
The combination of NTP synthesis in vitro can also give more information on the
IVTT system since it will feed a steady input of NTPs instead of having a initial high
concentration of NTPs for the system. This research therefore will also expand the
knowledge of non linear substrate feeding into IVTT reactions.
Figure 3.1: An overview of the elongation process in bacterial ribosomes. The two reaction
steps of GTP hydrolysis are the main energy consuming processes. Used with
permission from Ramakrishnan (2002).
3.2 Results and Discussion
3.2.1 Uncoupled IVTT by synthesized NTPs
Nucleotides produced in the synthesis reactions, as shown in ﬁgure 2.11 of chapter 2.2,
were added to the PURExpress R© kit to test whether the nucleotide mixture could serve
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as nutrient for IVTT. We employed a custom-made commercially available version of
PURExpress R© (NEB, USA) system (Shimizu et al., 2001), which contained all isolated
and puriﬁed components necessary for IVTT, except NTPs. To test whether nucleotide
synthesis via modules I and II was suﬃcient for protein synthesis with the kit, 8 % v/v of
heat-inactivated samples of NTP synthesis reactions were added. The heat-inactivation
ensured that the two reactions were decoupled from each other. Even though the
results in the previous chapter showed that CTP levels were very low the decoupled
IVTT reactions yielded more than 2 µM deGFP, suggesting that there was suﬃcient
CTP present to produce mRNA. As can be seen in ﬁgure 3.2 the NTP synthesis reaction
does not stimulate protein expression if incubated for 0 or 20 minutes, likely because
not enough NTPs have been made up to that point. The ﬁrst signal was detected after
40 minutes of incubation but the ﬁrst substantial expression occurs in reactions where
the NTP synthesis reaction was incubated for 60 minutes. The NTP concentrations
from chapter 2, ﬁgure 2.11, indicate the ﬁrst appearance of NTPs after 40 minutes of
NTP synthesis (see also FPLC chromatogram 2.2). These levels of NTPs seem to be
insuﬃcient or not all four NTPs were made yet, preventing protein production to occur
in the uncoupled reaction.
Figure 3.2 B shows clearly that after 100 minutes of NTP synthesis the expression
reached its optimum, while later time points gave lower values in terms of protein
production and slope. We speculated that at around 100 minutes incubation time the
NTP concentrations were suﬃcient for mRNA production and to fuel translation but
potential waste products, such as phosphates, had not accumulated enough to distort
the reaction (Kim and Choi, 1996, Kim and Swartz, 2000).
Another possible explanation might be the prediction of the mathematical model of
chapter 4 that, in a system with scarce energy, the balance of rates between transcription
and translation is more important to achieve higher yields than reaction speed. Figure
4.2 shows that a lower concentration of CTP like 0.25 mM instead of 1 mM can actually
increase the ﬁnal protein yield. We hypothesize that the amount of mRNA would
decrease because the RNA polymerase lacks suﬃcient CTP. This frees remaining GTP
and ATP to be used in translation causing an ultimately higher protein yield.
The experiments using decoupled NTP synthesis to produce NTPs for the IVTT
reaction proved that suﬃcient NTPs for protein expressions can be made in time scales
of 1 - 2 hours. Additionally, the contents of the NTP synthesis mix proved to be
non-toxic in the concentrations applied, which enabled us to continue with the coupled
system.
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Figure 3.2: IVTT reactions driven by NTPs produced in separate NTP synthesis reactions,
incubated for diﬀerent time periods prior to addition. A shows the expression
signal developing in time. B shows the slope of linear expression (black squares,
left y-axis) and the ﬁnal expression values (blue circles, right y-axis)
3.2.2 NTP synthesis coupled to IVTT
Varying the overall enzyme concentration
The coupling of the NTP synthesis reaction described in chapter 2 to IVTT required
optimization. Early experiments, using the initial enzyme concentrations of the NTP
synthesis pathway used by Nelissen et al. (2009), gave insuﬃcient deGFP production.
The concentration of all enzymes could not be increased above that value since all the
enzymes were stored in 50 % glycerol solutions and glycerol severely inhibits enzymatic
function above 10 % ﬁnal volume (Kramers, 1940, Gavish and Werber, 1979).
For adjusting the overall enzyme concentration the reaction mix described in chapter
2 table 2.3 was used. The overall concentration of enzymes was varied, while the
composition of enzymes remained the same. Table 2.3 shows up to an ﬁve times more
concentrated sample, which was used in all later experiments. Graph A of ﬁgure 3.3
shows the production of protein in time as a result of varying enzyme concentrations.
The expression rate, measured by the linear slope, increased with the amount of enzymes
supplied. The slopes are plotted in ﬁgure 3.3 C for clarity. It was found that an enzyme
concentration ﬁve times higher than used by Nelissen et al. (2009) gave the best results
under the tested conditions as can be seen in ﬁgure 3.3. The reactions containing more
enzymes also reach the highest concentration of deGFP faster as can easily be seen when
all graphs are normalized to their highest value (Figure 3.3 B and values are plotted in
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3.3 D). The decrease in signal is a standard observation in this type or experiment and
is ascribed to evaporation of the reaction mix.
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Figure 3.3: IVTT reactions coupled to NTP synthesis applying diﬀerent overall concentra-
tions of all enzymes of the NTP synthesis cascade. A shows the moving average
of 3 of the expression signal. B shows the same experiments but normalized to
the highest part of each expression curve. It can be seen that, depending on the
enzyme concentration, every reaction takes a diﬀerent amount of time to reach its
peak value. C shows the slopes of A as a function of the enzyme concentration.
D shows the lag time as a function of the enzyme concentration.
From these results the 5x concentration reaction was chosen to be the standard
operating protocol for all NTP synthesis reactions. The results also conﬁrmed that the
NTP production was the rate limiting part of the coupled system and future experiments
have to focus on the NTP production in more detail. In the context of artiﬁcially
designed systems this connection also enables the control over protein synthesis by
means of NTP supply instead of genetic regulation.
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Transfer of NTP synthesis mixture to the IVTT reaction
Another way to potentially improve the output of the NTP synthesis reaction was to
add a larger volume fraction of the NTP synthesis reaction mixture into the IVTT
reaction, which potentially could increase the ﬁnal yield. Additions of 8 % v/v and 20
% v/v were tested but as can be seen in ﬁgure 3.4, the addition of 8 % mixture gave
better results already. This might be due to the above mentioned lower concentration
of glycerol in solution.
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Figure 3.4: IVTT reactions coupled to NTP synthesis applying diﬀerent volumes of NTP syn-
thesis mixture to be carried into the IVTT reaction. A control reaction without
enzymes was conducted as negative control.
3.2.3 Addition of nucleotides changes system performance
After ﬁnding good conditions for the coupled synthesis the system was tested further.
As shown in ﬁgure 3.5, the coupled synthesis of NTPs with protein biosynthesis by
the PURExpress R© system yielded 3.4 ±0.8 µM deGFP. Interestingly, the traces show
that the expression in the coupled system was strongly delayed compared to a reference
IVTT reaction with 1 mM NTPs present from the start. In the reference reaction a
detectable amount of ﬂuorescent protein was produced after 40 minutes. In the coupled
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reaction 130 minutes were required, while giving a higher yield.
In order to gain more insight into the key aspects of the coupled system, we per-
formed NTP synthesis/IVTT reactions and individually supplementing them with 1
mM ﬁnal concentration of either ATP, CTP, UTP or GTP. The results are presented
in ﬁgure 3.5 B. These experiments directly show if any of these nucleotides had a key
inﬂuence on the system as a whole. Interestingly, addition of 1 mM of a single NTP
changed the expression pattern in every complemented reaction, but in diﬀerent ways.
Three parameters, total protein yield, delay in protein production, and rate of protein
production, were used to analyze the expression curves (details are described in ﬁgure
3.7, analysis ﬁgure 3.5 C, D and E).
Addition of UTP and ATP
The addition of ATP or UTP did not increase the yield of deGFP compared to the
standard coupled reaction (Figure 3.5 C). The delay time shows a diversion from the
standard coupled reaction and the 1 mM all NTP control reaction (Figure 3.5 D). The
addition of both ATP and UTP lowered the delay time from approximately 130 minutes
of the coupled reaction without additional nucleotides to 70 to 80 minutes. As ATP is a
cofactor for several reactions of the PPP and NTP synthesis pathways it is logical that
a higher starting concentration accelerated the production of NTPs, thus increasing
system performance. As UTP showed a similar pattern, it can be argued that UTP
is used in a similar way by promiscuous kinases (Andersen and Neuhard, 2001). Even
though this might be the case, there was little observable increase in the slope of the
expression observed (Figure 3.5 B).
Addition of GTP
The addition of GTP did not change the ﬁnal deGFP yield of 3.7 ±0.3 µM, compared to
the coupled reaction without added nucleotides. Instead, addition of GTP completely
removed the delay of expression, indicating that GTP is the delay time-limiting nu-
cleotide in the production of deGFP. Furthermore, the expression had an initial slope
of 18.9 nM deGFP/min which decreased after approximately 2 hours to 10.3 nM/min.
The initial slope was nearly identical to the reference reaction which showed a slope
of 19.4 nM/min. As documented in ﬁgure 2.11 of chapter 2.2 the production of GTP
was slower and less eﬃcient than the production of UTP and ATP. These strong ef-
fects, not observed in the unsupplemented coupled reaction, indicate that, under these
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conditions, only GTP is the limiting nucleotide in the coupled reaction. It is therefore
conceivable that the initial slope of deGFP expression represents the consumption of
the added GTP, while the 2nd slope that can be observed might represent the speed of
the GTP synthesis via the coupled pathways. Our results are in line with observations
reported in literature in which reactions often contain a higher amount of GTP (some-
times also ATP) of either 2 mM or 3 mM compared to 1 mM of the other nucleotides
(Shimizu et al., 2001, Hansen et al., 2016). GTP and ATP are not only required as
building blocks for messenger RNA but are also needed for coupling of amino acids to
their respective tRNAs and release of translational elongation factors EF-Tu and EF-
G consuming approximately 1 ATP and 2 GTP per amino acid incorporated into the
growing polypeptide (as also described in the model 4.1.2)(Mohr et al., 2002).
Addition of CTP
When CTP was added to the reaction at timepoint zero it showed a negative eﬀect on
the slope of expression (5.7 ±0.7 nM/min), the yield of deGFP (1.3 ±0.2 µM) and the
time delay to the ﬁrst deGFP signal (130 ±10 min). Since the coupled reaction, showing
better performance, was identical except for the 1 mM of added CTP, we hypothesized
that, the addition of CTP resulted in either a toxic eﬀect or a change in the total
dynamics of the system. Since the reference reaction also contains 1 mM CTP and does
not show the described negative eﬀects, an eﬀect on the kinetics of the system seems
more plausible.
Importance of energy-balance in energy scare systems
In this chapter, we have demonstrated how coupled nucleotide synthesis and in vitro
transcription and translation can be eﬃciently carried out in one reaction compart-
ment. In the 1 mM NTP reference reaction all four NTPs are present at suﬃcient
concentrations to start transcription and translation nearly instantly. The delay time
of 30 minutes can thus be attributed to transcription, translation, maturation of the
ﬂuorophore and accumulation of deGFP to detectable amounts (Iizuka et al., 2011,
Niederholtmeyer et al., 2013, Capece et al., 2015). As depicted in ﬁgure 3.6 the (ex-
panding) NTP pool has to be shared between transcription and translation. When
NTP synthesis is coupled to IVTT the starting concentrations of the NTPs are either
low for ATP or 0 for the other NTPs. NTPs hydrolyzed in translation are regenerated
by creatine kinase or pyruvate kinase while NTPs used in transcription become incor-
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Figure 3.5: Coupled reactions with optimized reaction conditions. A shows the ﬂuorescent
signal in time of the ﬁnal set of coupled reactions (dark cyan line). A reference
reaction of plain PURExpressR© supplied with 1 mM all NTPs (blue line) was
conducted. B Coupled reactions were supplemented with 1 mM of one of the
NTPs (ATP: red line; UTP: orange line; GTP: violet line; CTP: green line). For
comparison the 1 mM reference reaction is shown (blue line). C Bar diagram
of the expression yields shows eﬃciency of the coupled system compared to the
supplemented and reference reaction. D The time delay of expression shows the
eﬀect of individual NTP supplements. E The slope of expression of the graphs
in A and B shows correlation of NTP substitution to expression rate. Error bars
(drawn as contour surface in A and B) depict standard deviation.
porated into mRNA and are taken out of the NTP pool. During a coupled reaction
mRNA production is likely limited by the least abundant nucleotide, CTP. This has two
eﬀects: ﬁrst, it is likely that the coupled IVTT becomes more eﬃcient in a way that less
mRNA is produced for the same amount of protein produced (Iskakova et al., 2006),
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and secondly, as CTP concentrations set the limit on the consumption of the other
nucleotides for mRNA synthesis, more ATP and GTP remain in the reaction mixture
to fuel translation. The ﬁrst assumption is also supported by the mathematical model
(chapter 4) demonstrated in ﬁgure 4.2, which shows that a decrease in mRNA levels can
cause an increased output of protein. The second assumption also became more clear
when the concentrations of the nucleotides in ﬁgure 4.2 were followed. With decreasing
CTP concentrations the ﬁnal concentrations of the other nucleotides became higher.
This became especially clear with UTP since it is only consumed during transcription
and not translation. When transcription stopped the concentration remained constant.
DNA
transcription mRNA translation
IVTT
ATP    GTP
deGFP
DNA
transcription mRNA translation
IVTT
ATP    GTP
deGFP
Scenario 1: 
pos. control (high CTP)
Scenario 2: 
coupled system (low CTP)
CTP UTP ATP GTP
CTP UTP ATP GTP
NTP pool:
 
CTP 
UTP
ATP
 GTP
NTP pool:
 
CTP 
UTP
ATP
 GTP
Figure 3.6: Two scenarios representing the distribution of limited resources between tran-
scription and translation. The size of the nucleotide name represents its relative
concentration. Scenario 1: A high concentration of all four NTPs is present lead-
ing to the very fast transcription reaction to drain the pool of available energy for
the subsequent translation. Scenario 2: CTP production in the coupled system
is very low leading to a lower transcription speed and thus relatively more energy
funneled into the translation reaction. This leads to a comparably higher deGFP
production.
The addition of CTP to the reaction mixture decreased protein yield, increased the
delay time and decreased the expression rate. This can be explained by considering that
62
CHAPTER 3. PROTEIN EXPRESSION FUELED BY IN SITU NTP SYNTHESIS
the increased mRNA production, due to the availability of additional CTP, depleted the
energy pool available for translation, thus lowering protein yields (ﬁgure 3.6). These
experiments demonstrate that the eﬃciency of complex systems as a whole cannot be
simply increased by optimizing the performance of the individual steps. In our NTP
synthesis reaction energy is relatively scarce and has to be carefully distributed between
the two high-energy demanding processes (transcription and translation) to give optimal
yields, resembling natural systems that adjust the rate of the processes relative to each
other (Proshkin et al., 2010). In the design of synthetic cells, this complex interplay of
cellular components has to be taken into account.
3.3 Materials and Methods
3.3.1 PURExpress in vitro transcription/translation
Custom made PURExpress R© in vitro transcription and translation kits were purchased
from New England Biolabs (USA). The energy buﬀer (labeled "buﬀer A" by supplier,
comparable to IVTT buﬀer) of the custom made kit did not contain any nucleotides
which enabled the reaction to be fully dependent on NTP de novo production. The
enzyme buﬀer (labeled "buﬀer B" by supplier) of the IVTT kit contained all necessary
enzymes (Shimizu et al., 2001). All reaction mixtures were adjusted with MilliQ to a
ﬁnal volume of 10 µL. Reactants were added in the order that is described in table 3.1,
leading to a 12.5 times dilution of the NTP synthesis reaction mixture in the coupled
IVTT reactions.
Control reactions without substrates and without enzymes (table 2.3) were run to
test whether any contaminants could cause protein expression. The volume in the
reaction without enzymes was adjusted with enzyme storage buﬀer (see enzyme isolation
procedure in chapter 2.4). For the control reaction without substrates, the volume was
adjusted with 50 mM phosphate buﬀer (pH 7.75). Both control reactions showed only
stable background ﬂuorescence.
Fluorescence analysis of IVTT reactions
All PURExpress R© IVTT reactions were measured with a Tecan inﬁnite 200 pro platereader
(Tecan Group Ltd., Switzerland). Reactions were incubated at 37 ◦C for 12 hours in
a 384- well plate (ﬂat transparent bottom, Greiner, Austria) and measurements were
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Table 3.1: Pipetting scheme of a coupled NTP synthesis reaction with the PURExpressR©
kit.
Component Final concentration (ng/µL) Volume added (µL)
energy buﬀer n/a 2.8
enzyme buﬀer n/a 3.0
plasmid DNA 10 0.83
MilliQ water n/a 2.57
NTP synthesis mix n/a 0.8
Final volume 10
taken from the bottom every 10 minutes. The plate was sealed with self-gluing foil to
prevent evaporation.
Description of parameters of IVTT reactions
IVTT reactions exhibit several parameters which can be varied to assess underlying
reaction principles. A graphical description of the parameters is shown in ﬁgure 3.7.
The ﬁrst parameter that was investigated was the delay of expression, which is deﬁned
as the time in minutes necessary for a single 10 µL IVTT reaction to build up enough
mature deGFP to reach at least 50 arbitrary units as given out by the plate reader.
As the plate reader measured in 10 minute intervals the resolution of the delay time
measurements is limited. In ﬁgure 3.5 D no error bars for the positive controls and the
reaction with supplied GTP could be calculated because the delay of every reaction was
below 10 minutes.
The second parameter we looked into was the slope of expression, which corresponds
to the rate of the slowest reaction necessary to produce matured deGFP. The slope was
measured in the linear part of the expression curve. For the coupled reaction with
supplied GTP (Figure 3.5 B ) two slopes could be derived (Figure 3.5 E ). The third
parameter was the height of the plateau, corresponding to the total amount of matured
deGFP protein produced (Figure 3.7 C).
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Figure 3.7: Schematic drawing of the diﬀerent parameters which were used to assess the
performance of an IVTT reaction. Numbers are assigned to the parameters for
better distinction. Delay time represents the duration from the start of the
reaction until the signal reaches more than 50 arbitrary units as measured by
the plate reader. The slope is the linear increase in deGFP signal. The height
of plateau to represent the total concentration of deGFP produced at the end of
every reaction.
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Chapter 4
Mathematical modelling of NTP
synthesis and IVTT
Mathematical models of biochemical reactions can contribute to deeper understanding
of the underlying principles of these reactions (Mavelli et al., 2015). The use of models
for known systems like IVTT can also help to gain insight into the importance of
physical aspects of the cell, such as the eﬀect of macromolecular crowding on the rate
of the transcription reaction (Sokolova et al., 2013). In this chapter the model for NTP
synthesis gives an impression of how quickly NTP levels can be built up. The IVTT
model can be used to simulate the production of mRNA and protein, while taking the
consumption of NTPs into account.
This chapter describes the modeling of the cascade reaction using three diﬀerent
sets of kinetic values for individual reaction steps. Values taken from literature neither
explain the observed rates of NTP synthesis (chapter 2) nor the production of GFP
(chapter 3). Therefore the model was adjusted to ﬁt the readout on the NTP synthesis
level and on the translational level.
4.1 Rate equations
The model aims to give an impression on the transient concentrations of the molecules
generated and consumed in the cascade. The Km values were either measured or taken
from literature. The respective Vmax values that are used in the three models are listed
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in table 4.4.
The individual reactions are largely based on Michaelis-Menten kinetics (Michaelis
and Menten, 1913). The standard equation of an enzyme E forming a complex with a
substrate S and yielding one product P as depicted in equation 4.1.
E + S
k1−−⇀↽−
k′1
ES
k2−−⇀↽−
k′2
EP
k3−−⇀↽−
k′3
E + P (4.1)
The substrate S binds enzyme E with a constant rate of k1 and forms an enzyme-
substrate complex ES. The substrate dissociates with rate k′1. The ES complex can
now reversibly form the product P with rate k2, which is still bound to the enzyme
yielding an EP complex. The reversible reaction has the rate k′2. Finally, the product
and enzyme can dissociate with rate k3 into free E and free P and P binds to the
enzyme E with rate k′3.
Under the assumption that the concentration of P is negligible and k′2 is much
smaller than k3 the equation can be shortened to equation 4.2:
E + S
kf−−⇀↽−
kr
ES
kcat−−→ E + P (4.2)
Where k1 is the forward binding kf and k′1 is the reverse reaction kr. k2 is also
called kcat as a catalytical constant of a given enzyme.
Another requirement for Michaelis-Menten kinetics is a steady-state assumption that
describes the ability of the enzyme to equilibrate changing substrate concentrations and
keep the enzyme-substrate complex concentration virtually constant. This can be ex-
pressed as kf [E][S] = kr[ES] + kcat[ES] (Briggs and Haldane, 1925).
Combined with the enzyme conservation law the concentration of the complex is
[ES] =
[E]0[S]
Km + [S]
(4.3)
where Km is known as the Michaelis constant, which relates to the substrate con-
centration when the reaction rate is half of Vmax
Km =
kr + kcat
Kf
(4.4)
69
CHAPTER 4. MATHEMATICAL MODELLING OF NTP SYNTHESIS AND IVTT
The standard Michaelis-Menten equation 4.5 can be derived (Cha, 1968):
v =
d[P]
dt
=
Vmax[S]
Km + [S]
(4.5)
Where the change of concentration of product in time or velocity v is depending
on the maximum reaction speed Vmax = [E]kcat, the Michaelis constant (Km) and the
substrate concentration [S].
When more than one substrate (A and B) and product take part in an irreversible
reaction the Michaelis-Menten reaction has to be extended to give an equation ( 4.6)
for a bi substrate reaction (Cha, 1968, Imperial and Centelles, 2014):
v =
Vmax[A][B]
Km(a)Km(b) + [A]Km(b) + [B]Km(a) + [A][B]
(4.6)
When more than two substrates are involved the reaction equation can be extended
further as for irreversible reactions 4.24 or 4.23 (Elliott and Tipton, 1974), or for re-
versible reactions like equation 4.22.
4.1.1 NTP synthesis reactions
Hexokinase
Kinetic parameters of yeast hexokinase were determined by Marlies Nijemeisland; the
Km[glu] for glucose is 124 µM and Km[ATP] is 197 µM. Reaction velocity was calculated
using the formula 4.7:
v(HK) =
Vmax ∗ [glu] ∗ [ATP ]
Km(glu) ∗Km(ATP ) + [glu] ∗Km(ATP ) + [ATP ] ∗Km(glu) + [glu] ∗ [ATP ]
(4.7)
Glucose-6-phosphate dehydrogenase (G6PDH)
Kinetic parameters of yeast glucose-6-phosphate dehydrogenase were determined by
Marlies Nijemeisland and the Km[g6p] is 326 µM and Km[NADP+] is 58.1 µM. The
literature value of Vmaxin table 4.4 was determined by Kanji et al. (1976). Reaction
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velocity was calculated using formula 4.8:
v(G6PDH) =
Vmax ∗ [g6p] ∗ [NADP+]
Km(g6p) ∗Km(NADP+) + [g6p] ∗Km(NADP+)+
[NADP+] ∗Km(g6p) + [g6p] ∗ [NADP+]
(4.8)
Glutamate dehydrogenase (GD)
In the mathematical model the reversible reaction was split into two irreversible bi
substrate reactions (McCarthy and Tipton, 1985). NH4
+ is assumed to be present at
high and constant concentration. α-ketoglutarate is labeled as "αK" and glutamate
is labeled as "glu". Reaction velocities were calculated using equations 4.9 for the
"forward reaction" and equation 4.10 for the "reverse reaction". Km(αK) was 470 µM
while the Km(NADPH) value was 20 µM. For the reverse reaction the Km(NADP+) was
also 20 µM while Km(glutamate) was 3 mM (McCarthy and Tipton, 1985).
v(GD−fwd) =
Vmax ∗ [αK] ∗ [NADPH]
Km(αK) ∗Km(NADPH) + [αK] ∗Km(NADPH)+
[NADPH] ∗Km(αK) + [αK] ∗ [NADPH]
(4.9)
v(GD−rev) =
Vmax ∗ [glu] ∗ [NADP+]
Km(glu) ∗Km(NADP+) + [glu] ∗Km(NADP+)+
[NADP+] ∗Km(glu) + [glu] ∗ [NADP+]
(4.10)
6-phosphogluconic dehydrogenase (6PGD(H))
6-phosphogluconate dehydrogenase was modeled as an irreversible bisubstrate reaction
using equation 4.11 with Km(6pg) 50.9 µM and Km(NADP+) 35 µM, according to He et al.
(2007):
v(6PGDH) =
Vmax ∗ [6pg] ∗ [NADP+]
Km(6pg) ∗Km(NADP+) + [6pg] ∗Km(NADP+)+
[NADP+] ∗Km(6pg) + [6pg] ∗ [NADP+]
(4.11)
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Phosphoriboisomerase (PRI)
Phosphoriboisomerase was modeled using the following rate equation:
v(PRI) =
Vmax(fwd)∗[Ru5P ]
Km(Ru5P)
− Vmax(rev)∗[R5P ]Km(R5P)
1 + [Ru5P ]Km(Ru5P)
+ [R5P ]Km(R5P)
+
Km(Ru5P)∗Km(R5P)∗[Pi]
Ki(Pi)
+
Km(Ru5P)∗Km(R5P)∗[6PG]
Ki(6PG)
(4.12)
Equation 4.12 shows the reversible phosphoriboisomerase reaction with inorganic
phosphate (Pi) and 6PG as competitive inhibitors (Morrison, 1969, Imperial and Cen-
telles, 2014). The other parameters were Km(Ribulose-5-phosphate) 0.2 mM, Km(Ribose-5-phosphate)
0.63 mM and Ki(inorganic phosphate) 7.9 mM and Ki(6PG) 7 mM. Kinetic parameters taken
from Skrukrud et al. (1991) and Jung et al. (2000).
Phosphoribosyl pyrophosphatesynthase (PRPPS)
The phosphoribosyl pyrophosphate synthase reaction was modeled as an irreversible bi
substrate reaction, Km(Ribose-5-phosphate) 135 µM and Km(ATP) 7 µM (Fox and Kelley,
1972).
v(PRPPS) =
Vmax ∗ [r5p] ∗ [ATP ]
Km(r5p) ∗Km(ATP ) + [r5p] ∗Km(ATP ) + [ATP ] ∗Km(r5p) + [r5p] ∗ [ATP ]
(4.13)
Xanthine-guanine phosphoribosyltransferase (XGPRT)
The xanthine-guanine phosphoribosyltransferase reaction was modeled as an irreversible
bi substrate reaction. The kinetic values were used: Km(guanine) 0.43 µM and Km(PRPP)
139 µM (Vos et al., 1997).
v(XGPRT ) =
Vmax ∗ [PRPP ] ∗ [guanine]
Km(PRPP ) ∗Km(guanine) + [PRPP ] ∗Km(guanine)+
[guanine] ∗Km(PRPP ) + [PRPP ] ∗ [guanine]
(4.14)
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Adenine phosphoribosyltransferase (APRT)
The adenine phosphoribosyltransferase reaction was modeled as an irreversible bi sub-
strate reaction which is inhibited by ADP in a competitive fashion (equation 4.15). As
kinetic values were used: Km(adenine) 1.3 µM, Km(PRPP) 10 µM and Ki(AMP) 26 µM (Sin
and Finch, 1972).
v(APRT) =
V max ∗ [adenine] ∗ [PRPP ]
Km(adenine) ∗Km(PRPP) + [adenine] ∗Km(PRPP)+
[PRPP ] ∗Km(adenine) + [adenine] ∗ [PRPP ] +
(Km(adenine)∗Km(PRPP)∗[AMP ]
Ki(AMP)
(4.15)
Uridine phosphoribosyltransferase (UPRT)
The reaction velocity of uridine phosphoribosyltransferase was modeled as an irre-
versible bi substrate reaction (equation 4.16). As kinetic values were used: Km(uracil)
0.53 µM and Km(PRPP) 58 µM (Lundegaard and Jensen, 1999).
v(UPRT ) =
Vmax ∗ [PRPP ] ∗ [uracil]
Km(PRPP ) ∗Km(uracil) + [PRPP ] ∗Km(uracil)+
[uracil] ∗Km(PRPP ) + [PRPP ] ∗ [uracil]
(4.16)
Adenylate kinase (AK)
In the mathematical model the reaction was modeled as a reversible bi substrate reac-
tion with Keq 2.39, Vmax(fwd) 1 mM*min−1, Vmax(rev) 1 mM*min−1, Km(ADP) 28 µM,
Km(AMP) 0.12 mM, Km(ATP) 60 µM, Ki(ADP) 0.91 mM and Ki(AMP) 3.3 mM (Sheng
et al., 1999) using equation 4.22 further below.
Nucleotide monophosphatekinase (NMPK)
The nucleotide monophosphatekinase reaction was modeled as an irreversible mass ac-
tion reaction with k displayed in table 4.4 depending on the model using equation 4.17:
v(NMPK) = k ∗ [ATP ] ∗ [UMP ] (4.17)
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Pyruvate kinase (PK)
The pyruvate kinase reaction for ADP was modeled as an irreversible bi substrate re-
action with Km(PEP) 79.7 µM and Km(ADP) 0.197 mM using equation 4.18 (Ainsworth
and MacFarlane, 1973). The reaction was split into 3 individual equations for the phos-
phorylation of each of the 3 NDPs. CDP does not appear in the reaction. Vmax for the
reaction with ADP was taken from the amount of units enzyme present in the reaction.
Vmax values for the other NDPs were calculated by ratios in reaction speeds between
ADP and another NDP (Plowman and Krall, 1965):
GDP
ADP = 1.04
UDP
ADP = 0.58
v(PK−ADP ) =
Vmax ∗ [PEP ] ∗ [ADP ]
Km(PEP ) ∗Km[ADP ] + [PEP ] ∗Km(ADP )+
[ADP ] ∗Km(PEP ) + [PEP ] ∗ [ADP ]
(4.18)
The pyruvate kinase reaction for GDP was modeled as an irreversible bi-substrate
reaction with Km(PEP) 79.7 µM and Km(GDP) 0.809 mM using equation 4.19 (Plowman
and Krall, 1965).
v(PK−GDP ) =
Vmax ∗ [PEP ] ∗ [GDP ]
Km(PEP ) ∗Km(GDP ) + [PEP ] ∗Km(GDP )+
[GDP ] ∗Km(PEP ) + [PEP ] ∗ [GDP ]
(4.19)
The pyruvate kinase reaction for UDP was modeled as an irreversible bi-substrate
reaction with Km(PEP) 79.7 µM and Km(UDP) 2.66 mM using equation 4.20 (Plowman
and Krall, 1965).
v(PK−UDP ) =
Vmax ∗ [PEP ] ∗ [UDP ]
Km(PEP ) ∗Km[UDP ] + [PEP ] ∗Km(UDP )+
[UDP ] ∗Km(PEP ) + [PEP ] ∗ [UDP ]
(4.20)
Guanylate kinase (GK)
Although reversible, for simplicity the reaction was modeled in equation 4.21 as an
irreversible bi substrate reaction with Km(ATP) 120 µM and Km(GMP) 6 µM (Agarwal
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et al., 1978). The Vmax of 0.032 was not changed in the diﬀerent models.
v(GK) =
Vmax ∗ [GMP ] ∗ [ATP ]
Km(GMP ) ∗Km(ATP ) + [GMP ] ∗Km(ATP ) + [ATP ] ∗Km(GMP ) + [GMP ] ∗ [ATP ]
(4.21)
Cytidinetriphosphate synthase (CTPS)
The cytidinetriphosphate synthase reaction was modeled as an irreversible tri-substrate
reaction using extended terms as described by Elliott and Tipton (1974). Kinetic values
were used as follows: Km(UTP) 71 µM, Km(ATP) 54 µM (Lewis and Villafranca, 1989)
and Km(NH3) 2.15 mM (Lunn and Bearne, 2004) (Scheit and Linke, 1982). The rate
equation 4.23 is displayed further below due to its length.
4.1.2 Transcription and translation reactions
Transcription by T7 RNA polymerase
The transcription reaction was modeled as a modiﬁed Michaelis-Menten reaction inhib-
ited by pyrophosphate. Since the PURExpress R© IVTT kit was used in which the T7
RNA polymerase concentration and activity is proprietary, kcat values from literature
and concentrations of the original publication from Takuya Ueda's lab in 2001 were
used (Shimizu et al., 2001). The full length mRNA is 962 nt long and transcribed from
a PCR fragment containing the T7 promoter, the gene for deGFP and a 4x repeat of
a molecular beacon binding site. The PCR product has a ﬁnite length and the T7
RNA polymerase 'falls oﬀ' the DNA template, yielding mRNAs uniform in length. To
account for the fact that each of the four NTPs is present in the mRNA in diﬀerent
ratios the amount of each NTP was divided by the full length mRNA and added as a
factor before the corresponding NTP as shown in table 4.1. Each reaction is equivalent
to 1 incorporated NTP and thus corresponds to 1962 = 0.0010395 molecules of mRNA.
The Vmax derived from the concentration was calculated as follows: 3 mg * ml−1 T7
RNA polymerase with a molar mass of 99,000 g * mol−1 correspond to 30 nM T7 RNA
polymerase. With a kcat of 250 nt*s−1 (Sastry and Ross, 1997) the Vmax is calculated
as 7.58 µM * min−1. For the ﬁtted models diﬀerent values were found (Table 4.4).
Equation 4.24 uses an extended rate equation for four substrates binding in a random
order (Elliott and Tipton, 1974).
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Table 4.1: The length of the PCR fragment and mRNA is used as template for run-oﬀ tran-
scription without the use of the terminator on the plasmid. The letters A, U, G
and C give the composition of individual bases the deGFP-4x BT (lacI) mRNA
transcribed by T7 RNAP in nucleotides.
component length in bp/nt relative amount
PCR 1273 n/a
mRNA 962 1
ATP (A) 251 0.261
UTP (U) 170 0.177
GTP (G) 234 0.243
CTP (C) 307 0.319
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Translation in the ribosomes
Translation in the ribosomes was modeled as an irreversible mass action reaction with
the conversion k being calculated from the amount of ribosomes presented in Shimizu
et al. (2001) and the catalytic activity from Stogbauer et al. (2012). Again the ﬁtted
values diﬀer greatly and are shown in table 4.4.
AminoAcids +mRNA+ 2GTP+ATP −−→ mRNA+ 0.004425 · deGFP+ 2GDP+
AMP+PPi
The reaction speed was calculated using equation 4.25:
vribosome = k([AminoAcids] + [mRNA] + 2 ∗ [GTP ] + [ATP ]) (4.25)
Maturation of deGFP
The complete polypeptide chain of deGFP has to undergo maturation to become ﬂuo-
rescent (Iizuka et al., 2011, Stogbauer et al., 2012). The maturation constant k is set
to 0.118 * min−1.
deGFP −−→ deGFP∗
vmaturation = k ∗ [deGFP ] (4.26)
For simplicity the maturated deGFP∗ will be written as deGFP and non-maturated
deGFP will be explicitly named as such.
4.1.3 Simulations of the model
Modeling of NTP synthesis
The model was comprised of a series of irreversible and reversible reactions described as
ordinary diﬀerential equations using the rate equations described above in section 4.1.
The rate equations were entered into the complex pathway simulator (CoPaSi 4.13,
build 87) which is a joint product of the Mendes group at the University of Manchester
and the Kummer group at the University of Heidelberg. The program then simulated
the change in concentrations for every component during the reaction using ordinary
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diﬀerential equations (OEDs, see table 4.2). These equations leave out certain shortcom-
ings of the experimental reactions, like the ineﬃciency of guanylate kinase as described
in 2.2.3.
The OEDs compute the change in concentration every minute of the model time,
which is set to 480 minutes. Table 4.4 shows the Vmax values used in the rate equa-
tions described above depending on each model. The values in the ﬁrst column were
calculated from the conversion rate of the known concentration of enzymes added into
the reaction. The values in the middle column were ﬁt to the NTP concentrations in
an uncoupled reaction experiment (see ﬁgure 4.3). The values from the right column
were ﬁt to deGFP production rates of a coupled reaction (see ﬁgure 4.4).
Modeling of transcription and translation
The aim of this thesis was to couple the synthesis of nucleotides to a nucleotide con-
suming process and to assess the performance of this system to a non-coupled system.
Using the kinetic equations described in 4.1.2, CoPaSi modeled the reactions with the
OEDs described in Table 4.3.
These reactions were intended to consume the NTPs produced in the exact same
ratio as the sequence of the mRNA would suggest. To ensure that nucleotide sequence
is not altered by read-through of the T7 polymerase the DNA product is assumed to be
linear with a deﬁned length. Transcription is terminated by the T7 polymerase falling
oﬀ the end of the dsDNA fragment giving the exact same length mRNA (Macdonald
et al., 1993, Nayak et al., 2008). In addition to the NTPs consumed for transcription, the
model also counts the hydrolysis of one molecule of ATP and two GTP per amino acid
incorporated into the polypeptide chain, as described in the rate equation for translation
4.25, taking only the elongation cycle into account (Mohr et al., 2002, Ramakrishnan,
2002). A full length molecule of deGFP is produced after 226 consecutive reactions of
the ribosome each consuming 1 ATP and 2 GTP.
The full length deGFP protein then has to mature, as described in section 4.1.2.
The ﬁnal product is ﬂuorescent deGFP (deGFP∗).
4.1.4 The procedure of ﬁtting the model
The literature values on the reaction rates of the enzymes in the cascade were unable to
explain the experimental data. Therefore, the model was ﬁt ﬁrst to the NTP synthesis
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Table 4.2: The set of ordinary diﬀerential equations used to model modules I and II.
Species Ordinary diﬀerential equation
Glucose d[Glucose]dt = −VHK
Glucose-6-phosphate d[G6P ]dt = VHK − VG6PDH
6-phosphogluconic-γ-lactone d[6PGL]dt = VG6PDH − V6PGD(H)
NADP+ d[NADP
+]
dt = VGD−fwd − VGD−rev − VG6PDH − V6PGD(H)
NADPH d[NADPH]dt = −VGD−fwd + VGD−rev + VG6PDH + V6PGD(H)
Glutamate d[Glutamate]dt = VGD−fwd − VGD−rev
α-ketoglutarate d[αKG]dt = −VGD−fwd + VGD−rev
PEP d[PEP ]dt = −VPK−ADP − VPK−UDP − VPK−GDP
Pyruvate d[Pyruvate]dt = VPK−ADP + VPK−UDP + VPK−GDP
Ribose-5-phosphate d[R5P ]dt = VPRI−fwd − VPRI−rev
Ribulose-5-phosphate d[Ru5P ]dt = −VPRI−fwd + VPRI−rev
PRPP d[PRPP ]dt = VPRPPS − VUPRT − VAPRT − VXGPRT
Adenine d[Adenine]dt = −VAPRT
Guanine d[Guanine]dt = −VXGPRT (+VGuanine(insol))
Uracil d[Uracil]dt = −VUPRT
Pyrophosphate d[PPi]dt = VUPRT + VAPRT + VXGPRT
AMP d[AMP ]dt = VPRPPS + VAPRT − VAK
ADP d[ADP ]dt = 2 ∗ VAK + VGK + VNMPK − VPK−ADP
ATP d[ATP ]dt = −VHK − VGK − VNMPK + VPK−ADP
−VCTPS − VPRPPS − VAK
GMP d[GMP ]dt = VXGPRT − VGK
GDP d[GDP ]dt = VGK − VPK−GK
GTP d[GTP ]dt = VPK−GK
UMP d[UMP ]dt = VUPRT − VNMPK
UDP d[UDP ]dt = VNMPK − VPK−UDP
UTP d[UTP ]dt = VPK−UDP − VCTPS
CTP d[CTP ]dt = VCTPS
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Table 4.3: The set of ordinary diﬀerential equations used to model module III. For the mod-
eling of the entire cascade from NTP synthesis to protein production these were
combined with the OEDs from table 4.2. This table represents which compo-
nent's concentration is aﬀected by an OED, but is not stoichiometrically accurate
for mRNA and deGFP.
Species Ordinary diﬀerential equation
ATP d[ATP ]dt = −VT7
CTP d[CTP ]dt = −VT7
GTP d[GTP ]dt = −Vribosome − VT7
UTP d[UTP ]dt = −VT7
mRNA d[mRNA]dt = VT7
AminoAcids d[AminoAcids]dt = −Vribosome
deGFP d[deGFP ]dt = Vribosome − Vmaturation
deGFP∗ d[deGFP
∗]
dt = Vmaturation
results obtained in chapter 2. This result could not explain the observed protein expres-
sion from the coupled reaction in chapter 3. After a second round of parameter ﬁtting
the model could predict deGFP production and the response to single NTP addition.
We chose to ﬁt the predictions of the model by manually adjusting parameters.
Those parameters that appeared most sensitive, i.e. gave largest changes in output of
simulations of NTPs and deGFP, with small changes in value, were further optimized.
If a change to any enzymatic step led to an apparent better ﬁt the new value was
kept and a change to the same reaction or another was performed to again reach a
better agreement. This iterative procedure was stopped when changes did not or only
insubstantially improved the ﬁt.
The model was initially ﬁtted to the results of NTP synthesis in IVTT buﬀer (chapter
2). During the ﬁtting process the complexity of the modeled network became apparent,
when for example changes in APRT rates increased not only the production of ATP
itself but also the of all other nucleotides. This can be explained by a positive feedback
that ATP has as substrate on many reaction rates.
After a ﬁt was achieved for the NTP synthesis it became apparent that, using
these values, the coupled reaction with IVTT cannot be accurately modeled using these
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values. Therefore, a second ﬁt was done for the coupled NTP synthesis and in vitro
transcription and translation to the results of chapter 3. The variations of the Vmax
values are indicated in table 4.4. The ﬁrst column represents all values that are derived
from the literature values and concentrations of enzymes and led to the model shown
in ﬁgure 4.1. The second column shows the values changed to ﬁt the NTP synthesis
results and the third column shows the in vitro transcription and translation ﬁt.
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Table 4.4: The Vmax and k values for the rate equations of the individual enzymatic steps of
the cascade. The second column shows the values for a model ﬁtted to the NTP
synthesis measurements from chapter 2 and the third column shows the values for
a ﬁt to deGFP production (chapter 3). All values in the second an third column
which were altered are shown in bold.
Reaction Vmax NTP synthesis ﬁt TxTl ﬁt
(mM * min-1) (mM * min-1) (mM * min-1)
HK 1.35 0.4 1.35
G6PDH 0.3 1 2
6PDH 0.05 0.2 0.2
GD fwd/rev 6.25 6.25 6.25
PRI fwd/rev 3 3 3
PRPPS 0.05 0.01 0.03
XGPRT 0.015 0.001 0.015
UPRT 0.015 0.004 0.02
APRT 0.015 0.0025 0.006
AK 1 1 1
NMPK 0.02 0.02 0.02
GK 0.032 0.032 0.032
PK-ADP 0.75 7.5 7.5
PK-UDP 0.435 4.35 4.35
PK-GDP 0.77792 7.7792 7.7792
CTPS 0.032 0.001 0.015
T7 RNAP 0.00758 0.5 0.35
Ribosome 2.16 50 35
GFP maturation 0.117647 0.117647 0.117647
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4.2 Results and Discussion
The mathematical model simulates the concentrations of all involved metabolites for
the NTP synthesis and in vitro transcription and translation for a time course of 480
minutes using the OEDs of table 4.2. The presentation is split into module I, which
represents the metabolites starting from glucose to phosphoribosyl pyrophosphate as
the scheme in ﬁgure 2.1 indicates. Module II shows the concentration of the NTPs as
the ﬁnal product of the NTP synthesis pathway, while module III are the computed
products of the in vitro transcription and translation system.
The Vmax values derived from the concentration and activity of the enzymes were
fed into the model, but the result did not explain the experimental data we gathered
concerning the production of NTPs in an uncoupled system or the production of GFP
in the coupled system. The prediction of this model is shown in ﬁgure 4.1 A and B.
The NTP production simulated by this model should result in an extremely quick rise
in concentration for ATP, GTP and CTP, while UTP is converted to CTP as fast as
it is produced. After about 90 minutes the phosphoenolpyruvate pool seems to be
exhausted and ATP is quickly consumed. After 120 minutes there is no ATP left;
ribose-5-phosphate is no longer converted to phosphoribosyl pyrophosphate and is kept
in equilibrium with Ribulose-5-phosphate.
When 199 mM of phosphoenolpyruvate was assumed CTP was formed completely
to its maximum concentration of 10 mM in the ﬁrst 90 minutes. After that UTP
began to accumulate reaching approximately 5.5 mM after 120 minutes when phospho-
enolpyruvate again was fully consumed and the system moved to an equilibrium state.
The ATP conversion seen in ﬁgure 4.1 D after 120 minutes was due to the nucleotide
monophosphatekinase reaction which converted UMP to UDP by consuming ATP (data
now shown). This reaction stopped when the remaining phosphoribosyl pyrophosphate
was fully consumed after about 140 minutes as the phosphoribosyl pyrophosphate trace
in ﬁgure 4.1 C shows.
Phosphoenolpyruvate insuﬃciency
The initial model, however, indicated a problem with the concentration of phospho-
enolpyruvate. Phosphoenolpyruvate was supplied at 160 mM ﬁnal concentration (12.8
mM when in the coupled system with IVTT) which is stochiometrically to all ATP
consuming reactions. As can be seen in ﬁgure 2.11 of chapter 2 the NTP synthesis
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Figure 4.1: Performance of modules I and II as predicted by the model using literature val-
ues. A and B show the model using 160 mM of PEP. C and D show a reaction
with 199 mM phosphoenolpyruvate. After production and with insuﬃcient phos-
phoenolpyruvate concentration ATP gets hydrolyzed and its ﬁnal concentration
decreases.
reaction was not fully converting all available substrates to NTPs. At the end of the
reaction some nucleotides were triphosphates and others remained in the diphosphate
state.
In the model the reactions are idealized and 160 mM of phosphoenolpyruvate would
be fully consumed. When there is no phosphoenolpyruvate left ATP is consumed by re-
actions of hexokinase, guanylate kinase, adenylate kinase, nucleotide monophosphatek-
inase, phosphoribosyl pyrophosphate synthase and cytidinetriphosphate synthase. In
the model no other nucleotides can be used in these reactions and guanylate kinase and
nucleotide monophosphatekinase are modeled as irreversible for simplicity, although
they are biochemically reversible reactions.
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In ﬁgure 4.1 B, after approximately 100-110 minutes the concentration of ATP drops
to 0 and it is converted into ADP when enzymes consume it to phosphorylate other
NDPs. Eﬀects like this can also be seen experimentally in some cases (see chapter 2
ﬁgures 2.3 and 2.6 after 300 minutes incubation the diphosphate concentration is almost
as high as the triphosphate concentration). Addition of more phosphoenolpyruvate can
force the reaction back to the triphosphates (as demonstrated in chapter 2 ﬁgure 2.10).
This, however, only becomes a major problem when all substrates are fully con-
verted, which is usually not the case. Furthermore uncoupled and coupled NTP syn-
thesis in IVTT buﬀer can utilize not only the phosphoenolpyruvate ATP regeneration
system but also a creatine phosphate/ creatine kinase regeneration system contributing
10 mM creatine phosphate additional to the 12.8 mM phosphoenolpyruvate enabling all
NTP to remain in their triphosphate state. The model in ﬁgure 4.1 C and D shows a
reaction with 200 mM of phosphoenolpyruvate and demonstrated that ATP is not fully
consumed anymore.
Therefore the rate constants of individual reactions were adjusted to ﬁt the data
obtained from the NTP synthesis and in a coupled NTP synthesis with in vitro tran-
scription and translation. This ﬁt was done on the model using conditions in IVTT
buﬀer. This means that for these reactions all concentrations are 12.5x diluted and
the phosphoenolpyruvate concentration could be raised since there is a second ATP
regeneration system present in the IVTT kit.
The experimental data described in chapter 2 for the NTP synthesis shows a diﬀerent
behavior than the model would predict. The conversion to the ﬁnal NTP was not
complete. Also, most biochemical reactions are much more complex than the idealized
irreversible reactions used in the model and can use multiple substrates or are to a
certain extent reversible, which is not reﬂected in the model. Using these settings for
an accurate model seemed therefore too unreliable. Changing the reactions speeds to ﬁt
the experimental data might compensate for the simpliﬁed model and make the results
more reliable.
Modeling transcription and translation
The modeling of in vitro transcription and translation itself is shown here. The result in
ﬁgure 4.2 are independent to prior NTP synthesis. The concentration of NTPs was set
to 1 mM as in the experimental reference reation. Figure 4.2 A shows that a reaction
with 1 mM of each NTP produces mRNA very quickly. The T7 polymerase reaction
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ceases when the ﬁrst nucleotide (CTP, as the most abundant, as shown in table 4.1)
is depleted. Graph A in ﬁgure 4.2 shows the model when all NTPs are at 1 mM
concentrations at the start of the reaction. In graphs B, C and D the concentration
of CTP was reduced to 0.75, 0.5 and 0.25 respectively. As can be seen in ﬁgure 4.2,
the concentration of mRNA is the highest when 1 mM of CTP is fed into the model,
however the concentration of deGFP is the lowest in that case. With decreasing CTP
concentration the ﬁnal concentration of deGFP increases while the concentration of
mRNA decreases.
This result is in line with the proposed mechanism in chapter 3 ﬁgure 3.6. The
lower concentration of CTP limits transcription and thus freeing ATP and GTP to
allow translation to continue for a longer time yielding more ﬁnal deGFP∗.
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Figure 4.2: The in vitro transcription and translation part of the coupled model using kinetic
values of the TxTl ﬁt. The model inA is simulating the reference reaction using 1
mM of all NTPs as starting concentration. The model in B simulates 0.75 mM of
CTP starting concentration. C andD reﬂect a simulation with 0.5 mM CTP and
0.25 mM CTP respectively. E shows a bar diagram of the ﬁnal concentrations
of maturated deGFP∗ and mRNA, visualizing the trend of increased deGFP∗
production with decreasing concentration of CTP.
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The ﬁtted models
As mentioned in section 4.1.4 the ﬁrst ﬁt was conducted for the NTP synthesis in
IVTT buﬀer. Figure 4.3 shows all three modules of the model after the ﬁtting. The
datapoints of the actual measurement are plotted in ﬁgure 4.3 B together with the
results of the model, with the symbols displaying the data from FPLC measurements
and lines displaying the model predictions. When these NTP synthesis rates however
are used to fuel in vitro transcription and translation, the production of deGFP after 8
hours would be very low (as depicted in ﬁgure 4.3) and likely could not even be detected
by the plate reader used in the coupled experiments (Figure 4.3 C).
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Figure 4.3: A The simulated concentrations of the intermediate sugars of module I, B shows
the simulated NTP concentrations of module II as lines and the experimental data
in corresponding datapoints and C the product of module III: deGFP, when the
model is ﬁtted to the production of NTPs as shown in B. Error bars show the
standard deviation.
89
CHAPTER 4. MATHEMATICAL MODELLING OF NTP SYNTHESIS AND IVTT
When the rates shown in the third column of table 4.4 are used the concentration
of deGFP predicted by the model and what is measured in coupled reactions are in
nice agreement as can be seen in ﬁgure 4.4. When ﬁgures 4.4 and 4.3 are compared
module by module, it appears that the rates in the coupled system have to be generally
higher than when only the NTP synthesis is conducted. For example in ﬁgure 4.4 A,
the ﬁnal product of module I, phosphoribosyl pyrophosphate, appears to be consumed
fully after about 240 minutes. In contrast phosphoribosyl pyrophosphate of ﬁgure 4.3
A is still at about 0.5 mM after 480 minutes when the calculation ended. To ﬁt the
apparent production rates of NTPs this is obviously necessary. Although the rates
of the phosphoribosyl pyrophosphate consuming enzymes XGPRT, UPRT and APRT
were not increased the subsequent kinase reactions were improved about 10 fold. This
might indicate that the coupling of all three modules causes a strong change in overall
reaction rates or a change in the limiting ones.
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Figure 4.4: The model ﬁtted to the result of module III (IVTT). A The simulated concen-
trations of the intermediate sugars of module I, B shows the simulated NTP
concentrations of module II and C the product of module III: deGFP, with the
model as straight line and the experimental data as datapoints. Error bars show
the standard deviation.
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Simulated single addition of NTPs
One of the remarkable ﬁndings of chapter 3 was the inﬂuence of the addition of 1 mM
of one of the nucleotides to the coupled reaction (see ﬁgure 3.5), which changed the
expression pattern of deGFP strongly in every case. ATP and UTP reduced the delay
time, while addition of GTP reduced the delay time to 0, compared to the reference
reaction. Addition of CTP showed the strongest eﬀect by negatively aﬀecting expression
in general and decreasing the ﬁnal yield of deGFP.
Starting concentrations of 1 mM of an individual NTP were simulated. The model
showed a comparable eﬀect as the experimental data, as can be seen in ﬁgure 4.5.
The black dotted line represents the coupled model of the in vitro transcription and
translation ﬁt described in ﬁgure 4.4 as comparison. The circles represent the actual
experimental data of the same system as described in chapter 3. Overall, the model
with added nucleotides deviates from the model of the coupled reaction in a comparable
pattern as was seen in the experimental data (plotted in ﬁgure 3.5 B).
The addition of ATP in ﬁgure 4.5 A increased the rate of deGFP production and
showed a good agreement with the experimental data. The ﬁnal yield is correctly
represented, while the slope and delay time diﬀer slightly. The addition of UTP (ﬁgure
4.5 B) showed a much more subtle eﬀect, which was likely due to the simplicity of
the model which did not allow UTP to be used in reactions by promiscuous kinases as
is possible in real experimental conditions (Andersen and Neuhard, 2001). The minor
eﬀect visible in ﬁgure 4.5 may be attributed to a slightly higher mRNA production rate.
When a starting concentration of 1 mM GTP (ﬁgure 4.5 C) was simulated the rate
of deGFP production and also the ﬁnal yield of deGFP after 480 minutes was increased.
As can be seen in ﬁgure 4.5 C, the simulated expression did not ﬁt very well with the
experimental data. Both experiments and simulation show shorter lag times, although
the diﬀerence is much larger in the experimental system. The experimental ﬁnal yield
of deGFP is also lower compared to simulations.
The strongest eﬀect, however, was observed when a starting concentration of 1 mM
CTP was simulated. As ﬁgure 4.5 D clearly demonstrates the expression of eGFP is
strongly impeded, very similar to the experimental data. As the data from a pure in vitro
transcription and translation model in ﬁgure 4.2 suggests, the addition of CTP from the
beginning enabled a high production rate of mRNA, thus reducing the available ATP
and GTP for translation and therefore impeding the deGFP production rate severely.
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Figure 4.5: Adding 1 mM of a single NTP to the modeled coupled synthesis does eﬀect the
production of eGFP. Nucleotide added: A: ATP B: CTP C: UTP D: GTP. The
experimental data of a coupled system with the respective NTP added is also
plotted as circles. The black dotted line represents the "ﬁtted" coupled NTP
synthesis reaction without any NTP addition as also depicted in ﬁgure 4.4.
Limitations of the ﬁtting
The manual ﬁt that was applied to the experimental data also has some strong limi-
tations on its applicability. The ﬁrst issue is that the iterative ﬁtting process by hand
was not totally random. The changes to an individual reaction were made with the
result in mind that had to be achieved, contrary to a computer algorithm that would
change values randomly and give every result a score. This means that if e.g. the
CTP concentration was too high, but the other concentrations of NTPs were already a
good ﬁt, the reactions inﬂuencing only CTP would be subject to further change. The
resulting values that are listed in table 4.4 therefore are to a certain extend biased.
Some values like for the phosphoriboisomerase reaction are not changed while others
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like the glucose-6-phosphate dehydrogenase reaction were changed. A similar change in
net ﬂux could also have been achieved by changing both parameters less strongly or the
phosphoriboisomerase reaction strongly instead of glucose-6-phosphate dehydrogenase.
Therefore this model has to be seen as only one possible solution out of many dozen or
hundreds and may not be the optimal result.
4.3 Conclusions
To conclude, a functional model of the coupled NTP synthesis and in vitro transcription
and translation was made, which predicts protein production rates in a coupled system
reasonably well. The use of literature data to ﬁnd the correct reaction rates for the
mathematical calculation did not give satisfying results therefore several kinetic values
were altered to ﬁt the model to the experimental data. The table 4.4 displays all Vmax
and k values for the used models.
When the model of an uncoupled reaction was ﬁt to the data obtained from FPLC
measurements of chapter 2 it became clear that, if these values were used for a coupled
reaction, the model could not explain the deGFP production rates we observed in
chapter 3. To ﬁt the outcome of the coupled NTP synthesis with in vitro transcription
and translation, the reaction cascade had to run at higher rates than was assumed
for the uncoupled NTP synthesis. This might indicate that the coupling of the in
vitro transcription and translation reactions to the NTP synthesis pathway caused an
enhancement in overall reaction velocities. A possible factor could be the principle of
Le Chatelier suggesting that a continuous removal of product keeps the reaction further
out of equilibrium, enabling higher reaction rates and favoring forward reactions. This
might explain why the production rates of NTPs were increasing when NTPs were
constantly consumed in both in vitro transcription and translation reactions. Also
altered allosteric inhibition of NTPs on their own synthesis might contribute to this
eﬀect (Tolbert and Williamson, 1997, Zhu et al., 2014).
The model ﬁtted to the in vitro transcription and translation experimental results
also succeeded to recreate several of the signiﬁcant experimental observations. The 1
mM NTP reference reaction as well as the coupled reactions with single NTP addition
show comparable results with the experimental data. Since the main focus of the model
was to represent accurate NTP production and consumption rates it fulﬁlled its task
only in speciﬁed systems like the one presented here. A much more thorough setup of
the model could enable its use for more varying conditions and give even more insight
94
CHAPTER 4. MATHEMATICAL MODELLING OF NTP SYNTHESIS AND IVTT
into the underlying mechanics of the system.
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Chapter 5
Energy and nucleobase
metabolism in cell lysate as
artiﬁcial cell model
5.1 Introduction
Modern cells have evolved continuously towards complex reactive entities, which are
able to exist in a manifold of habitats and react to environmental changes (Gilbert,
1986, Luisi, 2012). Regulation of cellular functions plays therefore a major role in
evolutionary ﬁtness as it enables cells to preserve resources in times they are scarce
and to proliferate rapidly when resources are abundant. The entire metabolic network
of a cell is organized in so-called metabolic modules serving speciﬁc tasks like fatty
acid synthesis, glycolysis or the synthesis of nucleotides (Ravasz et al., 2002). These
modules can be independently regulated according to the cell's need and are sometimes
even physically separated. Generally it can be said that increasing size of the metabolic
network increases the modularity as well (Kreimer et al., 2008).
Regulation of metabolic modules happens on multiple levels according to how fast
a response is necessary. The fastest regulation mechanisms are taking eﬀect within
seconds as a result of small molecules binding and allosterically inactivating or acti-
vating speciﬁc enzyme populations (Stadtman, 2006). Enzymes can also be modiﬁed
by binding of protein cofactors, which themselves can be activated or inactivated by
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small molecule interactions (Chellappan et al., 1991). Metabolic ﬂux can be inﬂuenced
by changing the concentration of substrates available to a speciﬁc metabolic module,
either by changing the functionality of a connected module, which might supply the
substrate, or changing the inﬂux rate from extracellular space. Usually only some in-
termediates of a pathway act as 'reporter' molecules in regulation of metabolic pathways
or entire modules (Patil and Nielsen, 2005, Cakir et al., 2006). The major regulatory
mechanism for a cell is to control the amount of available enzymes by transcriptional
control. Changes of enzyme concentrations are slower than allosteric regulations, taking
minutes to hours, and have the potential to change the topology of the metabolic net-
work (Chechik et al., 2008). External stress or change in food supply induce changes in
expression pattern (Grant, 2008, Shimizu, 2014). These external factors can change the
metabolic ﬂuxes within minutes and induce cell growth and cause subsequent changes
in regulation to promote the new 'state' of the cell (Gruening et al., 2010).
This chapter aims at combining glycolysis and nucleotide synthesis to protein ex-
pression to serve as a model for modular synthetic metabolism in vitro. Isolated cell-free
lysate of E.coli cells will be used to supply the enzymes necessary for glycolysis (energy)
and NTP synthesis (building blocks).
These two modules will enable protein synthesis using the cell's isolated ribosomes
and translation factors. The only enzyme that has to be supplied is the T7 RNA
polymerase due to the speciﬁc promoter sequence used in the plasmid DNA.
The challenge in doing this is the combined eﬃciency of the metabolic modules. The
particular artiﬁcial reaction environment is not able to sustain a protein expression for
more than a couple of hours (Sokolova et al., 2013, Hansen et al., 2016). Within this
time frame the glycolysis has to provide enough energy and the NTP synthesis module
enough nucleotides to create relatively high protein yields. This chapter therefore will
lay a foundation for future research to improve the capacity of the proposed system.
Glycolysis
Glycolysis is a major enzymatic pathway present in nearly all existing cells and converts
the hexoses glucose and fructose into pyruvate gaining ATP and NADH on the way.
The 10 step pathway is the backbone of carbon metabolism creating intermediates that
are starting points for biosynthesis pathways for amino acids, nucleotides and cofactors
(Figure 5.1 A). Pyruvate subsequently enters the citric acid cycle which enables even
more synthesis pathways to be used when necessary, but mainly delivers reducing energy
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in the form of NADH and FADH2. The ATP produced can be used to fuel cellular
processes and the electrons of NADH can be funneled into the respiratory chain complex
I to establish a proton gradient which can drive the ATP synthase enzyme complex.
In total, the complete oxidation of one molecule of glucose to H2O and CO2 leads to
the production of about 30 molecules of ATP compared to 2 molecules yield in the
glycolysis alone (Alberts et al., 2002).
Figure 5.1: A schematic representation of glycolysis, the citric acid cycle and the connections
to other metabolic modules for nucleotide and amino acid synthesis. Figure taken
from Alberts et al. (2002).
NTP synthesis in lysate
All enzymes used in the NTP synthesis reaction are soluble cytosolic proteins present
in E.coli. Although for practical reasons the purchased and expressed enzymes used in
chapter 2 and 3 were originated from several sources including human, rabbit or yeast,
they all have a functional equivalent in E.coli (Blattner et al., 1997). The cell free lysate
should thus contain the enzymes necessary for the production of NTPs. Since the cell
in an exponential growth phase needs high amounts of nucleotides it can be assumed
that the enzymes for de novo nucleotide synthesis are highly expressed to provide the
necessary building blocks for the high metabolic throughput. The composition of the
"standard" NTP synthesis is kept with starting nucleobase concentrations of 10 mM
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for guanine and adenine and 20 mM for uracil.
Glycolysis as energy source
The in vitro transcription and translation reaction was based on the protocol from
Hansen et al. (2016). In order to enable glycolysis as the main energy source a bis-Tris
buﬀer (pKa = 6.5) instead of Tris-HCl (pKa = 8.1) was used (Calhoun and Swartz,
2005). Buﬀers containing bis-tris can buﬀer to a more acidic pH which seems to be
essential for counteracting accumulation of acidic waste product of the cascade like
pyruvate, lactic acid and acetic acid (Calhoun and Swartz, 2005).. The enzymes for
glycolysis are present in the lysate as well as the enzymes converting pyruvate to lactic
acid and acetic acid. If cofactors like NADP+ and ATP are added and regenerated the
energy for the system in the form of ATP can be supplied by glucose. The non-glycolytic
part of this reaction is described in more detail in the introduction chapter 1.2, pyruvate
itself can be used to gain more energy by anaerobic fermentation (Figure 1.3)Because
E.coli uses mainly a membrane bound phosphotransferase system (PTS) to import and
phosphorylate glucose in a coupled reaction the experiment was also performed with
glucose-6-phosphate as a substrate (Siebold et al., 2001).
5.2 Results and Discussion
5.2.1 NTP synthesis in cell lysate
When all necessary substrates and cofactors are added to E.coli cell free lysate, nu-
cleotide synthesis by the salvage pathway occurs in a limited fashion compared to the
puriﬁed enzymes from chapter 2 as can be seen in ﬁgure 5.2. Already after 20 minutes
ATP is produced and can be detected by the FPLC method. After 140 minutes approx-
imately 0.25 mM of ATP, 0.12 mM of GTP and 0.05 mM of UTP were produced. CTP
could not be detected in the time course of this experiment. The overall concentrations
of the NTPs were relatively low but it has to be noted that the lysate is made from a
culture of exponentially growing cells with virtually unlimited resources. In that case
it can be expected that the enzymes of the salvage pathway are in relatively low con-
centration, because the main source of nucleotides will be de novo synthesis, causing a
generally lower reaction speed than observed in chapter 2.2 (Zalkin, 1996, Alberts et al.,
2002).
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It is also remarkable that GTP is produced at a higher rate than UTP. The reason
for this is not clear, but it is imaginable that there is a more favorable composition of
GMP phosphorylating enzymes in the cell-free lysate than in the enzyme composition
used in chapter 2.
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Figure 5.2: The production of nucleotides in cell free lysate measured by FPLC.
5.2.2 IVTT driven by energy from glucose
The results of the conversion of glucose by cytosolic enzymes, present in the lysate, to
yield energy for IVTT are shown in ﬁgure 5.3. A standard reaction with 3-phosphoglycerate
(3-PGA) as energy source was performed according to Hansen et al. (2016) (downward
triangles). A reaction without any added energy source served as a background control
(squares) and it does not show strong expression. The background can be attributed
to the energetic consumption of other added compounds like amino acids that are fun-
neled into metabolic pathways to recover energy. The two reactions containing glucose
(circles) and glucose-6-phosphate (upward triangles) showed clear expression reaching
with 30,000 a.u. a bit less than half the signal strength of the 3-PGA sample with
70,000 a.u.. It is thus plausible that the sugars were suﬃcient to fuel these IVTT reac-
tions. It also appears that the glucose-6-phosphate reaction allowed a faster expression
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of deGFP. Since the main phosphorylation reaction by E.coli performed by the PTS is
not available the slower cytosolic glucokinase has to catalyze this reaction, which maybe
leads to the observed lower expression rate (Meyer et al., 1997).
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Figure 5.3: The expression of deGFP by a glucose and a glucose-6-phosphate fueled IVTT
reaction. A positive control employing 3-PGA and a negative control without
any additional energy source were added to put the results into a context.
5.2.3 Combining the two pathways
The initial results indicated that a system containing substrates for NTP synthesis
and glycolysis alike could drive an IVTT reaction without supplied NTPs and high-
energy phosphorylated sugars like 3-PGA. Therefore a new experiment was conducted,
combining the two reactions, to test whether expression could be observed. The results
are shown in ﬁgure 5.4. The expression levels observed are low, but a distinct expression
pattern can be observed for the combined system. Further optimization on the combined
system might give higher yields and therefore contain more information on the inﬂuence
of the individual modules on the ﬁnal yield.
The control reactions also showed some increase in signal which might be attributed
to expression of deGFP. The most plausible explanation is the limited conversion of
amino acids, mainly glutamate, as an energy source in the citric acid cycle, which
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cannot be prevented (Jewett et al., 2008). It is known that mRNA molecules present
during lysis are still present in the lysate. For this reason some protocols contain an
approximately one hour incubation step to free ribosomes from bound mRNA and allow
it to be degraded (Shin and Noireaux, 2010). Small molecules like unbound sugars or
nucleotides are then dialyzed out of the lysate. This pre-incubation step frees ribosomes
for translation of only these mRNAs which are intended by the researcher and it also
allows the metabolic pathways to cease working and ultimately freeing all enzymes from
bound substrates.
The combination of these two metabolic modules gave very promising results and
valuable insights have been gained. The performance of the entire system has to be
the main focus of future research. When the individual modules themselves were tested
good results were obtained, but together their performance was not good enough to
be used as a functional tool for further studies. Higher concentrations of enzymes,
improved buﬀer conditions or the adjustment of individual components might prove to
be useful.
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Figure 5.4: The expression of deGFP by an IVTT reaction gaining its energy from glucose
and the building blocks for mRNA from in situ NTP synthesis. Control reactions
containing only the substrates for NTP synthesis (without glucose) and only glu-
cose without the nucleobases were performed to measure the background signal.
Due to the low expression a moving average of 3 was plotted here to minimize
visible ﬂuctuations due to light scattering and lamp intensity.
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5.3 Materials and Methods
5.3.1 Cell free lysate
The cell free lysate was made according to Hansen et al. (2016). E. coli Rosetta2 cells
were grown at 37 ◦C to an OD600 of 1.5 in 2YTPG broth. After cell growth all the
subsequent steps were kept on ice. The cells were collected (3,000 g, 10 minutes, 4
◦C), thoroughly suspended in ice-cold 20 % sucrose solution (16 ml for 3 g wet pellet
weight) and incubated on ice for 10 minutes. Cells were then collected (3,000 g, 10
minutes, 4 ◦C), resuspended in ice cold MilliQ (4 x wet pellet weight) and immediately
spun down (3,000 g, 10 minutes, 4 ◦C). Next, cells were again resuspended in ice cold
MQ (4 x wet pellet weight), allowed to incubate on ice for 10 minutes and spun down
(3,000 g, 10 minutes, 4 ◦C). The pellet was then carefully washed twice with ice-cold
MilliQ (1.5 x volume). The spheroplast pellet was stored at -80 ◦C. The spheroplasts
were thawed and resuspended in ice-cold MilliQ (0.8 x volume). Cells were lysed by 10
cycles of sonication (10 s at 10 µm amplitude followed by 30 s on ice). Cell debris was
collected (30,000 g, 30 min, 4 ◦C) and dialyzed 1 x against 50 % dialysis buﬀer (5 mM
Tris, 30 mM potassium glutamate, 7 mM magnesium glutamate, 0.5 mM DTT), and 3
x 100 % dialysis buﬀer (10 mM Tris, 60 mM potassium glutamate, 14 mM magnesium
glutamate, 1 mM DTT).
The lysate is not well described in its precise composition but it mainly contains
the cytosolic fractions of the cells including the enzymes of glycolysis and most of the
citric acid cycle. Only the presence of succinate dehydrogenase is doubtful since it is
the only membrane-associated enzyme of the citric acid cycle and also involved in the
respiratory chain complex II (Cecchini et al., 2002). Since the lysate is not cleared of
membrane fragments succinate dehydrogenase can still be present.
NTP synthesis in lysate
Assuming all necessary enymes were present in the lysate for NTP synthesis we conse-
quently replaced the puriﬁed enzymes of table 2.3 with cell free lysate (table 5.1) with
a ﬁnal concentration of 9 mg ml-1. The reaction was incubated like the other NTP
synthesis reaction in a 37 ◦C stove under constant stirring, samples were taken at the
same time points as described in chapter 2.2.
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Table 5.1: Components of the NTP synthesis reaction using cell lysate as source of enzymes.
The substrate concentration are identical to table 2.3
Substrates Final concentration (mM)
α-Ketoglutarate 90
NH4Cl 100
KHPO4 pH 7,5 50
DTT 20
K-Phosphoenolpyruvate 160
ATP 0.625
Glucose 40
Guanine 10
Uracil 20
Adenine 10
NADP+ 0.09
MgCl2 10
Enzymes Final concentration (mg mL−1)
E.coli lysate 9
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IVTT in cell lysate
For transcription-translation reactions the reaction mixtures contained 33 % v/v cell
lysate from Rosetta2 (approximately 34 mg ml-1 stock concentration) and 66 % v/v of
reaction buﬀer containing the following components. The ﬁnal reaction mixture con-
tained 50 mM Hepes (pH 8.0), nucleotides according to the experimental goals, 0.66 mM
spermidine, 0.5 mM cyclic adenosine monophosphate (cAMP), 0.22 mM nicotinamide
adenine dinucleotide (NAD), 0.17 mM coenzyme A, 20 mM 3-phosphoglyceric acid (3-
PGA) in the positive control, 0.045 mM folinic acid, 0.13 mg ml-1 transfer ribonucleic
acid (tRNA, from E.coli), 1 mM of each amino acid, 10 mM magnesium glutamate,
and 66 mM potassium glutamate, T7 RNA polymerase (130 U), and cell lysate (11 mg
ml-1), contributing an additional 5 mM magnesium glutamate and 20 mM potassium
glutamate. Plasmids were added last to initialize transcription.
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Chapter 6
Conclusions and future
perspectives
6.1 Summary
The scientiﬁc work presented in this thesis can be summarized in 4 major milestones.
The ﬁrst milestone was the setup of a working enzymatic pathway to produce all four
nucleotides from glucose, as described in chapter 2. Since no suitable detection method
for these complex mixtures of NTPs in solution was available in our lab we adapted
present methods of Fast Protein Liquid Chromatography (FPLC) to detect and quantify
NTP concentrations in aqueous solutions.
The successful production of the individual NTPs is described in chapter 2. The
initial unsatisfying performance of the system was systematically improved to produce
suﬃcient amounts of GTP, which is most essential in the translation reaction of the ribo-
some. Additionally CTP was successfully produced by running NTP synthesis reactions
in the buﬀer of a PURExpress R© reaction (Shimizu et al., 2001). To my knowledge this
is a new ﬁnding since the CTP producing enzyme CTP synthase was reported to be
severely inhibited in such reaction mixtures (Tolbert and Williamson, 1997). The exact
reason for the lack of inhibition was not part of this thesis and has to be revealed by
further research. The system was not able to produce relatively high amounts of CTP
during the ﬁrst hours of the reaction, which is the important time span for the coupling
to NTP consuming processes. During the coupled IVTT reaction the concentration of
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CTP can be assumed to still be relatively low.
As a logical next step, after the successful synthesis of NTPs in chapter 2, the
production of a functional, ﬂuorescent protein was performed in chapter 3. The NTPs
necessary to form the mRNA and to fuel translation in the ribosomes were produced
in situ by the functional reaction cascade of chapter 2.
The coupling was successful and ﬂuorescent protein was produced more eﬃciently
than in a reference reaction containing a set amount of 1 mM NTPs each. Further
investigation, by single additions of NTPs into the reaction mixture, revealed that ATP
and UTP are improving the rate, measured as the delay in expression in which the
protein is made compared to the coupled reaction without NTP addition. The addition
of GTP increased this rate even more and erased the time diﬀerence between the ref-
erence reaction suggesting the prominent role of GTP in the transcription/translation
machinery. Since it is known that GTP is the main energy carrier for the function of
ribosomes, it appears logical that translation is the main delaying step in the coupled
synthesis. When CTP was added in the same way, it revealed a truly negative eﬀect on
yield and expression rate. Since CTP is not toxic in itself, the mechanism behind the
detrimental eﬀect is suspected to lie in an unbalanced distribution of resources between
transcription and translation in the described system. More CTP enabled T7 RNA
polymerase to produce more mRNA and thus depleting the NTP pool leaving less ATP
and GTP for translation. A mechanism like this is also proposed by the mathematical
model in chapter 4.
Chapter 4 describes the setup of a mathematical model that incorporates a rate
equation for every enzymatic step of the entire coupled reaction pathway. Initially
the known concentrations of the enzymes added to the reaction were used together
with literature values for the Km values. Since the experimental data of chapters 2
and 3 deviated from the prediction of the initial model it obviously was not accurate.
Therefore the model was ﬁtted to the results from the NTP synthesis of chapter 2 and
coupled in vitro transcription and translation of chapter 3. Both ﬁts gave diﬀerent sets
of reaction rates for the individual enzymatic steps of the pathway. This result suggests
that the coupling of NTP synthesis to in vitro transcription and translation changed
the apparent rate of the entire system.
The ﬁtted model for the coupled NTP synthesis and in vitro transcription and trans-
lation showed robustness by being able to reﬂect changing starting concentrations of
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NTPs to the coupled system accurately, like the addition of ATP or CTP as demon-
strated in ﬁgure 4.5. Other changes were less accurately displayed like the addition of
1 mM GTP, although the general trend of increasing eGFP production rates ﬁtted the
expectation.
The main achievement of the mathematical model was to support the hypothesis
of the need to balance resources in energy or resource scare systems. The detrimental
eﬀect of CTP does not lie in toxicity but that it enabled a high transcription rate and
thus limiting the resources available for translation (model results shown in ﬁgure 4.2).
The hypothesis, graphically outlined in ﬁgure 3.6 of chapter 3 grants better insight into
the need to balance reaction rates in a complex reaction network.
The last milestone was the attempt to couple two competing pathways, glycolysis for
energy supply and NTP synthesis for the supply of building blocks, in a single system
to IVTT. This approach is described in chapter 5. It was shown that cell free lysate
of E.coli cells is able to supply functional enzymes to deliver energy from glucose and
to form NTPs from glucose and nucleobases. An attempt to combine the two systems
gave promising results with successfully expressed protein, but the system performed
poorly in terms of expression yield. More research would have to be done to optimize
the reaction conditions.
6.2 Future perspectives
The work presented in this thesis was inspired by developments in the ﬁeld of synthetic
biology. Synthetic biology attempts to recreate components or modules of natural
systems and either modiﬁes them for improvement of performance or to get a deeper
understanding of the underlying principles. The idea is to break through the, sometimes
incomprehensible, complexity of biological systems and to recreate them under well
deﬁned terms. This enables the researcher to gain either more control over the system
or to systematically study input variables and link them to changes in the output,
potentially revealing new functional aspects.
6.2.1 Artiﬁcial cells
The study of in vitro transcription and translation in synthetic systems carries great
promises for synthetic biology and is therefore pursued and extended by many re-
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searchers (Noireaux and Libchaber, 2004, Swartz, 2012). IVTT enables the production
of functional proteins on demand and therefore to change or even program a system
without repeated physical pertubations. This principle is extensively used to create
systems which one day might become building blocks for artiﬁcial cells (Noireaux et al.,
2005, 2011, van Nies et al., 2015). The technique of simply adding the gene of interest
under a strong promoter, as used in this thesis, however will not be suitable for these
much more complex tasks. Since dozens of genes have to be expressed, but not all at
the same rate or point in time, certain regulation mechanisms have to be employed
to react to exterior inputs or to sense the state of the cell and adjust gene expression
accordingly.
Control exercised by the researcher is usually achieved by addition of small reporter
molecules or physical stimuli like changes in pH or temperature (Gottesfeld et al., 1997,
Caracuel et al., 2003, Trinklein et al., 2004). Newer techniques allow the manipulation
of gene expression by light, oxygen or voltage (LOV), which disables the need of adding
chemical compounds to the system and gives the greatest control in time and strength
of input (Christie et al., 1999).
Artiﬁcial cells developed in the future will have to contain more complex genetic
systems which will be able to self regulate themselves and keep track of their physical
state. In E.coli cells the σ (sigma) factors of the RNA polymerase take over this task
and characterize domains of transcription within the genome of the cell. Eubacteria, as
E.coli, use 7 diﬀerent σ factors which mark large 'regulons', which are activated by a
global switch in cell state, like stress or growth transitions. The best-known σ factor is
σ70, which regulates the function of housekeeping genes. The function of σ factors can
also be ﬁne tuned by transcription factors (about 350 in E.coli) (Gruber and Gross,
2003).
Recently a transcriptional regulation system was presented by Shin and Noireaux
(2012) that is based solely using E.coli endogenous σ factors to enable the expression
of the next gene encoding the next sigma factor leading to a cascade of gene expression
with a ﬁnal expression of a ﬂuorescent reporter protein. This proof-of-principle design
might enable the setup of artiﬁcial systems containing many genes of interest which can
be activated by sigma factors according to when they are needed. If LOV promoters
are coupled to the genes of certain sigma factors, stimuli in diﬀerent colors might turn
on sets of genes all encoded by promoters with the same sigma factors. These sets of
genes could be functionally coherent for example to encode for enzymes of the same
enzymatic module, coupling the stimulus to the expression and activation of a speciﬁc
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metabolic pathway.
Additionally artiﬁcial cells might also need a sort of time measurement like a circa-
dian clock. Research on genetic oscillators already succeeded in creating oscillations in
cells and in cell free systems (Hasty et al., 2002, Niederholtmeyer et al., 2013). Introduc-
ing tunability enables the implementation of these systems to a manifold of applications
(Stricker et al., 2008). Oscillators are using several parts from diﬀerent cells and re-
combine them to work together as the oscillating system. If the output of the oscillator
is a functional protein it can control processes like cell division, surface adherence or
inter cellular signaling in time. In more advanced organisms as, for example eukaryotes,
cyclins serve these functions (Alberts et al., 2002).
The work presented in this thesis can be seen as a step towards the synthesis of an
artiﬁcial cell based on existing biological components. One of the greatest obstacles is to
form a system that continuously replenishes the functional parts of itself, which will be
a protein expression system most likely based on ribosomes (Forster and Church, 2006).
Proteins will inevitably be denatured, degraded or inactivated over time. Therefore, an
artiﬁcial system has to continuously break down inactive proteins and produce new
ones. Cell free expression systems are able to express many diﬀerent proteins with
complicated structures like iron-sulfur complexes (Boyer et al., 2008), transmembrane
proteins (Reckel et al., 2010, Sobhanifar et al., 2010) or multidomain, glycosylated
eukaryotic proteins (Endo and Sawasaki, 2006).
The main logical system to serve as a core is the protein biosynthesis. So far, it
was not possible to produce functional ribosomes in vitro by just adding the genetic
information on DNA and letting an IVTT reaction produce all individual components
and let them assemble to a functional complex again. It has been shown that ribosomes
can be reassembled from isolated compounds again (Traub and Nomura, 1968). The
assembly has been highly optimized and additional chaperones have been identiﬁed to
aid ribosomal assembly for highest eﬃciency (Maki and Culver, 2005). Recently, Jewett
et al. (2013) already succeeded in the production of functional ribosomes after in vitro
production of rRNA in the presence of ribosomal proteins. The combined expression
of all components are still a challenging task since much of the assembly mechanism
remains unknown. For example, Jewett et al. (2013) were able to get 85 % active 30S ri-
bosomal subunits using their in vitro assembly method but only 3 % active 50S subunits.
To conclude it can be said that the goal of engineering life is an achievable one, but
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many questions have to be answered and many obstacles have to be overcome. Since the
task is so enormous it is hardly imaginable that single individuals or research groups can
tackle this on their own. A combined eﬀort of the scientiﬁc community is needed which
sorts out the important research goals and enables structured and fruitful research.
118
Bibliography
B. Alberts, A. Johnson, J. Lewis, M. Raﬀ, K. Roberts, and P. Walter. Molecular biology
of the cell. Garland science, New York, 4th edition, 2002.
M. E. Boyer, J. A. Stapleton, J. M. Kuchenreuther, C. W. Wang, and J. R. Swartz.
Cell-free synthesis and maturation of [fefe] hydrogenases. Biotechnol Bioeng, 99(1):
5967, 2008.
Z. Caracuel, M. I. Roncero, E. A. Espeso, C. I. Gonzalez-Verdejo, F. I. Garcia-Maceira,
and A. Di Pietro. The ph signalling transcription factor pacc controls virulence in
the plant pathogen fusarium oxysporum. Mol Microbiol, 48(3):76579, 2003.
J. M. Christie, M. Salomon, K. Nozue, M. Wada, and W. R. Briggs. Lov (light, oxygen,
or voltage) domains of the blue-light photoreceptor phototropin (nph1): binding sites
for the chromophore ﬂavin mononucleotide. Proc Natl Acad Sci U S A, 96(15):8779
83, 1999.
Y. Endo and T. Sawasaki. Cell-free expression systems for eukaryotic protein produc-
tion. Curr Opin Biotechnol, 17(4):37380, 2006.
A. C. Forster and G. M. Church. Towards synthesis of a minimal cell. Mol Syst Biol,
2:45, 2006.
J. M. Gottesfeld, L. Neely, J. W. Trauger, E. E. Baird, and P. B. Dervan. Regulation
of gene expression by small molecules. Nature, 387(6629):2025, 1997.
T. M. Gruber and C. A. Gross. Multiple sigma subunits and the partitioning of bacterial
transcription space. Annu Rev Microbiol, 57:44166, 2003.
J. Hasty, D. McMillen, and J. J. Collins. Engineered gene circuits. Nature, 420(6912):
22430, 2002.
119
BIBLIOGRAPHY
M. C. Jewett, B. R. Fritz, L. E. Timmerman, and G. M. Church. In vitro integration
of ribosomal rna synthesis, ribosome assembly, and translation. Mol Syst Biol, 9:678,
2013.
J. A. Maki and G. M. Culver. Recent developments in factor-facilitated ribosome
assembly. Methods, 36(3):31320, 2005.
H. Niederholtmeyer, V. Stepanova, and S. J. Maerkl. Implementation of cell-free bio-
logical networks at steady state. Proc Natl Acad Sci U S A, 110(40):1598590, 2013.
V. Noireaux and A. Libchaber. A vesicle bioreactor as a step toward an artiﬁcial cell
assembly. Proc Natl Acad Sci U S A, 101(51):1766974, 2004.
V. Noireaux, R. Bar-Ziv, J. Godefroy, H. Salman, and A. Libchaber. Toward an artiﬁcial
cell based on gene expression in vesicles. Phys Biol, 2(3):P18, 2005.
V. Noireaux, Y. T. Maeda, and A. Libchaber. Development of an artiﬁcial cell, from
self-organization to computation and self-reproduction. Proc Natl Acad Sci U S A,
108(9):347380, 2011.
S. Reckel, S. Sobhanifar, F. Durst, F. Lohr, V. A. Shirokov, V. Dotsch, and F. Bernhard.
Strategies for the cell-free expression of membrane proteins. Methods Mol Biol, 607:
187212, 2010.
Y. Shimizu, A. Inoue, Y. Tomari, T. Suzuki, T. Yokogawa, K. Nishikawa, and T. Ueda.
Cell-free translation reconstituted with puriﬁed components. Nat Biotechnol, 19(8):
7515, 2001.
J. Shin and V. Noireaux. An e. coli cell-free expression toolbox: application to synthetic
gene circuits and artiﬁcial cells. ACS Synth Biol, 1:2941, 2012.
S. Sobhanifar, S. Reckel, F. Junge, D. Schwarz, L. Kai, M. Karbyshev, F. Lohr, F. Bern-
hard, and V. Dotsch. Cell-free expression and stable isotope labelling strategies for
membrane proteins. J Biomol NMR, 46(1):3343, 2010.
J. Stricker, S. Cookson, M. R. Bennett, W. H. Mather, L. S. Tsimring, and J. Hasty. A
fast, robust and tunable synthetic gene oscillator. Nature, 456(7221):5169, 2008.
James R. Swartz. Transforming biochemical engineering with cell-free biology. AIChE
Journal, 58(1):513, 2012.
120
BIBLIOGRAPHY
T. J. Tolbert and J. R. Williamson. Preparation of speciﬁcally deuterated and 13c-
labeled rna for nmr studies using enzymatic synthesis. Journal of the American
Chemical Society, 119(50):1210012108, 1997.
P. Traub and M. Nomura. Structure and function of e. coli ribosomes. v. reconstitution
of functionally active 30s ribosomal particles from rna and proteins. Proc Natl Acad
Sci U S A, 59(3):77784, 1968.
Nathan D. Trinklein, Will C. Chen, Robert E. Kingston, and Richard M. Myers. Tran-
scriptional regulation and binding of heat shock factor 1 and heat shock factor 2 to
32 human heat shock genes during thermal stress and diﬀerentiation. Cell Stress &
Chaperones, 9(1):2128, 2004.
P. van Nies, A. S. Canton, Z. Nourian, and C. Danelon. Monitoring mrna and protein
levels in bulk and in model vesicle-based artiﬁcial cells. Methods Enzymol, 550:187
214, 2015.
121
Chapter 7
Summary
7.1 Summary
The construction of a minimal cell from individual well-described parts is a relatively
new but very intriguing enterprise. Due to the engineering nature and the inherent
complexity of the system, many approaches are pursued in parallel and with diﬀerent
goals in mind throughout the scientiﬁc community. The work presented in this thesis
tries to combine two diﬀerent modules and demonstrate a higher, more complex level
of engineering that the simple development of parts and processes. The metabolic
synthesis of the four ribonucleotides ATP, GTP, UTP and CTP, as building blocks and
energy source is linked to the production of protein and the aspects of the interaction
of the two pathways is studied.
In Chapter 2 I describe the setup of the nucleotide synthesis pathway based on
previous research and the methods I used to measure the synthesis of nucleotides. The
results showed that not all nucleotides were made with the same eﬃciency and especially
CTP could barely be made in batch reactions. When the reactions, however, were run
under similar conditions as in a coupled system of NTP synthesis and protein expression,
CTP could be produced in signiﬁcant amounts, although only after a 24 hour incubation
period. This result laid the foundation for the following chapters.
The successful synthesis of nucleotides was combined with the production of ﬂuo-
rescent protein in chapter 3. The experiment showed that protein could be expressed
by freshly made nucleotides even more eﬃciently than in a reference reaction run in
parallel, although the reaction had to be run longer. To gain more information on
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the importance of each individual nucleotide more reactions were run with a single nu-
cleotide added. As expected ATP and GTP increased the production rate of protein
more than for example UTP, since they also function as energy source for the system
not only as building block. But a surprising result was observed when CTP was added:
the ﬂuorescent protein was made very ineﬃciently and slowly. Based on the data a
hypothesis was formulated which was tested by a computational model of the entire
reaction network in chapter 4. This hypothesis links the production of mRNA to have
an inverse eﬀect on the protein yield. The more mRNA is made the less energy is
left over to fuel the energy demanding process of protein production, indicating that a
system has to be balanced for optimal results.
Chapter 4 describes the development of a computational model and the process of
how the mathematical parameters were ﬁtted to the experimental data from chapters
2 and 3. The mathematical model shows some predictive capabilities as it is able to
simulate the behavior of the coupled system after addition of nucleotides in a very similar
manner as the experimental data. The model therefore also supports the hypothesis
of the mechanism of resource balance and indicates that higher mRNA levels can be
linked with lower protein yields due to energy exhaustion of the system.
7.2 Samenvatting
Het creëren van een kunstmatige cel, bestaande uit goed gedeﬁnieerde onderdelen is een
nieuw en spannend onderzoeksveld. Overal op de wereld worden modules gecreëerd door
onderzoekers die een deel uit kunnen maken van een kunstmatig cel. In deze proefschrift
probeer ik twee modules te combineren en de functie op verschillende manieren te testen
om meer inzicht te krijgen hoe gecombineerde systemen verschillen ten opzichte van de
enkele modules.
De eerste module, beschreven in hoofdstuk 2, is een aaneenschakeling van enzy-
men die dextroseomzetten en modiﬁceren naar nucleotides (ATP, UTP, GTP en CTP).
Nucleotides zijn bouwstenen voor DNA en RNA maar tegelijkertijd ook een energiebron
voor enzymen. Om de nieuw gevormde nucleotides te meten is een nieuwe meet-methode
ontwikkeld om nucleotide-synthese onder verschillende condities te meten. Opvallend
was dat de productie van CTP in voorafgaande onderzoek niet werkte maar wel onder
condities die compatibel waren met de tweede module: eitwitsynthese.
Dekoppeling van de twee modules is beschreven in hoofdstuk 3. De eiwitsynthese
bestaat uit twee submodules, te weten de synthese van messenger RNA die genetische
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informatie overdraagd van DNA naar eiwit en de eiwitsynthese zelf in de ribosomen.
Hier isgebruik gemaakt van een groen ﬂuorescent eiwit (GFP) omdat de concentratie
hiermee nauwkeurig gemeten kan worden zonder het systeem te verstoren. Uit de re-
sultaten in hoofdstuk 3 blijkt dat in een gekoppeld systeem zelfs meer eiwit gemaakt
wordt dan in een referentie reactie. Dit terwijl de gekoppelde reactie langer duurde.
Nader onderzoek aandit gekoppelde systeem door middel van toevoeging van enkele
nucleotides aan de reactie toonde aan dat ATP en GTP de reactie behoorlijk kunnen
versnellen. Dit is verwacht omdat de nucleotides ook een belangrijke energiebron zijn
voor de eiwitsynthese en een aantal chemische reacties voor het omzetten van dex-
trose. Een onverwacht maar heel interessant resultaat kwam natoevoeging van CTP
naar boven. De productie van eiwit was sterk geremd, suggererend dat CTP toxisch
zou zijn voor de eiwit synthese. Met behulp van het wiskundig model in hoofdstuk 4
kon echter een hypothese geformuleerd worden om deze observartie te verklaren. Door
de ingewikkelde samenwerking en maar een beperkte hoeveelheid energie die gedeeld
moet worden tussen het maken van nucleotides, synthese van mRNA en de eiwit syn-
these raakt het systeem uit evenwicht als extra CTP wordt toegevoegd. Omdat dan
veel meer mRNA gemaakt kan worden wordt ook meer ATP en GTP verbruikt wat
dan niet meer beschikbaar is voor de eiwitsynthese. Deze resultaten tonen aan dat een
goede afstemming tussen te modules erg belangrijk is als het doel hoge eﬃcientie of
product opbrengst is.
7.3 Zusammenfassung
Die Schaﬀung künstlichen Lebens ist eine der großen Herausforderungen der modernen
Biologie. Grundsätzlich ist die Schaﬀung einer künstlichen Bakterienzelle aufgrund ihres
besonders einfachem genetischen und molekularen Aufbaus das naheliegendste Unter-
fangen. Auf der ganzen Welt arbeiten Forscher daran verschiedene funktionelle Module
zu schaﬀen die später zusammengesetzt werden können und zusammen die künstliche
oder minimale Zelle bilden. Mit dieser Dissertation beschreibe ich die Zusammensetzung
dreier dieser Module und ihre komplexen Interaktionen.
Das erste Modul wird in Kapitel 2 beschrieben. Glukose oder Traubenzucker wird
durch mehrere Enzyme umgesetzt und mit verschiedenen Nukleobasen verbunden um
sogenannte Nukleotide zu bilden. Diese Nukleotide genannt ATP, UTP, CTP und GTP
sind die Bausteine für die DNS und RNS, also die Träger der genetischen Informa-
tion einer Zelle, und außerdem Energielieferanten für verschiedene enzymatische Reak-
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tionen wie zum Beispiel die Proteinbiosynthese. Auf Basis von bereits publizierten
Arbeiten konnte die Synthese von Nukleotiden unter Laborbedingungen durchgeführt
und mittels einer abgewandelten Flüssigchromatographiemethode nachgewiesen werden.
Auﬀallend war hierbei, dass CTP im Gegensatz zu den anderen Nukleotiden anfangs
nicht hergestellt werden konnte. Wurde dieselbe Reaktion allerdings unter Bedingungen
durchgeführt, die für das zweite und dritte Modul nötig waren, wurde CTP gebildet.
Kapitel 3 beschreibt die Kupplung der Nukleotidsynthese mit Transkription, der
Produktion von RNS, und Translation, der Produktion von Proteinen mittels der zu-
vor gebildeten RNS. Um das Endprodukt gut messen zu können ohne die Reaktion zu
stören, wurde ein grün ﬂuoreszentes Protein (GFP) gebildet. Es zeigte sich, dass bei der
gekoppelten Synthese von Nukleotiden und Protein höhere Konzentrationen von GFP
gebildet werden konnten als in einer Referenzreaktion mit festgelegter Nukleotidkonzen-
tration. Allerdings benötigte die gekoppelte Synthese mehr Zeit um abzulaufen, da die
Nukleotide als Bausteine für RNS und als Energielieferant für die Proteinbiosynthese
erst noch gebildet werden mussten. Um den Prozess besser verstehen zu können, wurden
verschiedene Reaktionen mit einzelnen Nukleotiden versehen und die Veränderung des
Reaktionsablaufes gemessen. Es zeigte sich, dass ATP und GTP in starkem Maße und
UTP in geringem Maße die Reaktionsgeschwindigkeit erhöhen aber CTP einen starken
negativen Eﬀekt auf die Menge von gebildetem Protein hat.
Die Ergebnisse aus den Kapitel 2 und 3 wurden benutzt, um ein mathematisches
Modell zu erstellen, welches ich in Kapitel 4 beschreibe. Zu jedem enzymatischen
Schritt wurde eine Reaktionsgleichung erstellt; Eingangsparameter wurden mit den
Messergebnissen verglichen, um das Modell anzupassen. Auf diese Art und Weise kon-
nten wir eine Hypothese erstellen, die das Verhalten des gesamten Systems näherungsweise
beschreibt. Es scheint, dass die Zugabe von CTP zu einer gekoppelten Reaktion zu
einer ungünstigen Verschiebung der Energibilanz des gesamten Sytems führt. Bei
der gekoppelten Synthese von Protein ist die Konzentration von CTP der reaktions-
geschwindigkeitslimitierende Faktor und sorgt dafür, dass weniger RNS geformt wird
und dadurch relativ mehr ATP und GTP als Energiequelle für die Proteinbiosynthese
zur Verfügung stehen. Nach Zugabe des CTP wird mehr RNS produziert, und es stehen
insgesamt weniger ATP und GTP als Energiequelle zur Verfügung, was die Gesamt-
menge des produzierten GFPs limitiert. Dieses Beispiel zeigt anschaulich, dass mit
einander verbundene Module auf andere Art und Weise aufeinander abgestimmt wer-
den müssen als ihre Untereinheiten. Das hier vorgestellte System zeigt außerdem, dass
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detaillierte Messungen, nicht nur des Endproduktes unumgänglich sind zur Feinabstim-
mung komplexer Systeme.
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